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Editorial 

 
During the year of 2016, the Journal had received a total 
of 35 research and technical papers seeking for possible 
publication. After the peer review process, a total of 20 
papers were accepted for publications in two previous 
issues (Volume 38 Number 2, January 2016 and Volume 
39 Number 1, July 2016), yielding a successful acceptance 
rate of 57.1%. On behalf of the WIJE Sub-committee, we 
gratefully acknowledge the voluntary contributions and 
unfailing support that both authors and our reviewers gave 
to the Journal. We take this opportunity to wish all authors 
and reviewers a very successful year of 2017. 

This Volume 39 Number 2 includes ten (10) research 
articles. The relevance and usefulness of respective 
articles are summarised below. 

W.A. Wilson, et al., “Cyclic Capacity of Shear Walls 
with Caribbean Timber”, report the findings of an 
experimental programme that utilised shear walls, 
constructed with Caribbean Pitch Pine framing and 
Brazilian plywood sheathing under cyclic reversed 
loading protocol. The programme was conducted in 
accordance with the American Standard for Testing 
Materials, ASTM E-2126-11. Various performance 
characteristics were investigated including peak load, 
peak displacement; failure load and failure displacement; 
maximum shear strength, stiffness and ductility. The unit 
shear capacity obtained from the study compared 
favourably within 10% of the tabulated values in the 2008 
Special Design Provisions for Wind and Seismic 
(SDPWS-2008) for shear walls with similar materials and 
construction. 

In their article, “Marine Current Power Generation in 
Trinidad: A Case Study”, K. Hall. and G. Shrivastava  
examine the feasibility of marine power generation at the 
14 km wide Serpent’s Mouth in Trinidad. It is part of the 
narrow Columbus Channel which lies between Trinidad 
and Venezuela. At this location, depth varies between 30 - 
48 m and a marine current of approximately 1.5 m/s 
suggests the possibility of generating power through 
submerged turbines. The conditions are similar to those at 
Strangford Lough in the Irish Sea, where the world’s first 
marine current turbine was installed in 2008 for 
generating 2 MW of power. After taking into account the 
technical, environmental, and economic factors, this paper 
concludes it is feasible to use The Serpent’s Mouth 
location for Power Generation.   

O.A. Ajibade, at al., “Optimisation of Water 
Absorption Properties of Orange Peel Particulate-based 
Epoxy Composite Using Grey Relational Analysis”, 
examine the water absorption capabilities of the Orange 
peel particulate (OPP) epoxy composite optimisation. The 
weight gain (WG-type) and water absorption (WA-type) 
were chosen as the target output variables for the water 
absorption process optimisation of the pure epoxy and 5 
% OPPs composite. The level of influence each of the 
controllable factors exercises on the water absorption 

properties of the materials was investigated by evaluating 
the strength of the correlation between their sequences 
using the grade matrix of the grey relational tool. The 
sequential order of importance for the epoxy and its 
composite were found to be different for the two output 
variables considered. Overall, the final mass was found to 
be the most significant factor. 

S. Odi-Owei and A.S. Onuba, “Experimental 
Investigation on Tribological Behaviour of Carbon 
Steels”, investigate into the friction coefficient and wear 
rate of carbon steel specimens, in contact with Titanium 
Nitride of PVD coating on a steel substrate. The 
experiment was carried out with the specimens in the form 
of a pin sliding against a TiN disc under unlubricated 
conditions on a pin-on-disc tribometer. Results obtained 
show that friction coefficient and wear rate vary with 
normal load, sliding speed and duration of rubbing. 
Friction coefficient decreased with increasing rubbing 
duration and decreasing sliding speed, while wear rate 
increased with increasing rubbing duration. It was also 
found that in comparison, the specimen with higher 
carbon content had a better tribological behaviour. 

In the third article, “Seismic Fragility Functions for 
Light URM Single-Story Residential Structures in 
Trinidad and Tobago”, R.P. Clarke discusses the need for 
addressing the issue of single-story light unreinforced 
masonry (URM) residential structures that would be prone 
to sliding and out-of-plane tilting instability. Trinidad and 
Tobago locates in the southern Caribbean which is a 
seismic region, and hence losses due to failure of this type 
of construction will be catastrophic. The author presents 
the fragility functions and the determination using 
incremental dynamic analysis implemented with the Zeus-
NL computer program. 

S. Sahadeo, et al., “Survey and Modeling of 
Protected Agriculture Environment Systems in Trinidad 
and Tobago”, report the findings of a recent survey 
conducted to investigate the problems faced by farmers 
who operated these systems (greenhouses) in the country. 
It was found that the overall design of the structures was 
not suited to the local climate and the structures were 
costly. Alterations to the existing typical greenhouse 
design were suggested based on the options available for 
improving greenhouse structures. The suggested 
modifications of system/greenhouse designs were 
simulated using average climatic conditions (temperature, 
relative humidity and wind speed and flow trajectory). 
Promising results were recorded with changing both the 
materials used and the structure and orientation of the 
typical greenhouse in Trinidad and Tobago. 

M.O.H. Amuda, et al., “Wear Characteristics of 
Aluminide Blend for Thermal Barrier Coatings Bond 
Coat”, explore the modification of the structural properties 
of conventional bond coat to improve adhesion for 
thermal barrier coating. Wear investigation and 
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microstructural analysis conducted on the surface 
modified substrates revealed different levels of interfacial 
diffusion resulting in differential wear co-efficient in the 
modified substrates. Among the substrates coated, mild 
steel exhibited the greatest resistance to wear followed by 
compacted graphite iron (CGI) whilst cast iron provided 
the least resistance. This suggests that the generated 
aluminide blend can be used to enhance the surface of 
mild steel preparatory to the application of thermal barrier 
coating. 

In their article, “Mechanical, Abrasion and Water 
Absorption Characteristics of Coconut Shell Ash and 
Charcoal Based Polyester Composites”, O.I. Oluwole 

and K.L. Oluwaseun investigate the mechanical, 
abrasion and water absorption properties of composites 
made from coconut shell particulates and unsaturated 
polyester resin. Experimental results showed that tensile 
and flexural properties of the composites increased as the 
coconut shell ash (CSA) particle content increases from 1-
5 wt.% used while these mechanical properties decreases 
as the content of coconut shell charcoal (CSC) increases. 
The abrasion resistance of the composites decreases as the 
reinforcement contents increase for both CSA and CSC 
composites. CSA samples showed least resistance to 
abrasion compared to CSC while the control sample 
displayed the highest wear rate. Similar trend was 
observed for water absorption response where initial sharp 
water uptake was followed by gradual increase until 
saturation of water content was achieved. SEM and EDX 
revealed the dispersal of the particulates within the matrix 
and elemental constituents of the fabricated composites, 
respectively. 

N. Hyatali and K.F. Pun, “Exploring Contemporary 
Perspectives for Managing Projects in Organisations: A 
Review”, discuss some current challenges faced in 
organisations, and identify the changing nature of projects 
and the project management (PM) environment that 
support a rethinking of PM, particularly for 
business/organisational projects. Two contemporary PM 
perspectives, namely, ‘Projects as Temporary 
Organisations’ (PTO) and ‘Management of Projects’ 
(MoP), are advocated. The paper then discusses the need 
to integrate strategic alignment, project dynamics and 
value creation, into a generic model for managing projects 
in organisations. Future work would focus on evaluating 
the efficacy of the model with empirical evidence. 

In the article, “Effects of Water Content and 
Compaction on Ball Movement on Major Cricket Pitch 
Soils in Trinidad”, E.I. Ekwue, et al., follow an earlier 
study to measure the physical and engineering properties 
of major soils used in cricket pitches in Trinidad. It 
examines whether the predictions could be confirmed 
when the actual ball movements are measured.  Results 
obtained in this study coupled with those from the 
previous study mentioned above were used to rank the 
soils used in cricket pitches in Trinidad in terms of their 
playability. There may be an optimal clay content (about 
60%) of soil for maximum bounce and pace of the cricket 

ball. 
 
On behalf of the Editorial Office, we gratefully 

acknowledge all authors who have made this special issue 
possible with their research work. We greatly appreciate 
the voluntary contributions and unfailing support that our 
reviewers give to the Journal.  

Our reviewer panel is composed of academia, 
scientists, and practising engineers and professionals from 
industry and other organisations as listed below: 

• Dr. Abrahams Mwasha, University of the West Indies 
(UWI), Trinidad & Tobago (T&T) 

• Dr. Chris Maharaj; UWI, T&T 

• Dr. Debbie Mohammed; UWI, T&T 

• Professor Edwin I. Ekwue; UWI, T&T 

• Dr. Isiaka O. Oladele; Federal University of 
Technology, Akure. Nigeria 

• Dr. Jacqueline Bridge; UWI, T&T 

• Dr. Jeffery A. Jones; University of Warwick, UK 

• Professor Kit Fai Pun; UWI, T&T  

• Ms. Legena Henry; UWI, T&T 

• Ms. Marcia Nathai-Balkissoon; UWI, T&T 

• Professor Marehalli G. Prasad; Stevens Institute of 
Technology, New Jersey, USA 

• Dr. Mark Wuddivira; UWI, T&T 

• Professor Nageswara Rao Posinasetti; University of 
Northern Iowa, Cedar Falls, USA 

• Professor Peter Hogarth; Bournemouth University, UK 

• Dr. Phulip O. Oladijo; Botswana International 
University of Science and Technology, Gaborone, 
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• Dr. Pieter W van Deventer; North West University, 
South Africa 

• Professor Prakash Persad; University of Trinidad and 
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• Dr. Reynold Stone; UWI, T&T 

• Professor Sreekala G. Bajwa; North Dakota State 
University, Fargo, USA 

• Professor Yuh-Shan Ho; Taipei Medical University, 
Taipei, Taiwan 

The views expressed in articles are those of the 
authors to whom they are credited. This does not 
necessarily reflect the opinions or policy of the Journal. 

 

 

KIT FAI PUN, Editor-in-Chief 
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Abstract: Timber buildings in the Caribbean are generally non-engineered structures and therefore do not have structural 

systems that resist seismic forces, making the buildings highly vulnerable to earthquake damage. Shear walls are the primary 

structural sub-component of the seismic force-resisting systems (SFRS) responsible for providing resistance through in-plane 

shear and dissipation of energy via the sheathing-to-frame connections, and transfer of the lateral forces to the foundations. 

Robust design of these elements requires reliable shear capacity data and engineering design properties for the appropriate 

timber species. The unavailability of the relevant design data for Caribbean timber species has negatively impacted their use 

in engineered buildings. An experimental programme utilising shear walls, constructed with Caribbean Pitch Pine framing 

and Brazilian plywood sheathing under cyclic reversed loading protocol was conducted in accordance with the American 

Standard for Testing Materials, ASTM E-2126-11. Various performance characteristics were investigated including peak 

load, peak displacement; failure load and failure displacement; maximum shear strength, stiffness and ductility. The unit 

shear capacity obtained from the study compared favourably within 10% of the tabulated values in the 2008 Special Design 

Provisions for Wind and Seismic (SDPWS-2008) for shear walls with similar materials and construction. 

Keywords: Timber, Buildings, Shear walls, Cyclic loading, Seismic forces, Lateral loads 

 
1.  Introduction 

The vulnerability of timber buildings to earthquake 
damage could be mitigated by engineered structures to 
provide adequate resistance to the destructive effects of 
seismic forces. The Caribbean is an earthquake-prone 
region and residential timber structures proliferate and 
less so non-residential timber buildings. Consequently, 
engineered timber structures with enhanced earthquake-
resistance performance in the Caribbean should be 
promoted. The design of these buildings should be 
informed by sound engineering principles and 
construction technology. Further, the availability of 
appropriate building codes and reliable design data for 
shear walls constructed with Caribbean timber species 
must be developed. 

Earthquake-resistant design facilitates the complex 
load transfer mechanisms in building structures 
subjected to seismic loads by incorporating an effective 
lateral force-resisting system to safely transmit the 
induced forces to the foundations.  The Seismic Force 
Resisting System (SFRS) comprises the horizontal 
diaphragms (roof and floors), shear walls, inter-
component connections and foundation anchorage.  The 
seismic forces are cyclic in nature and are induced as 
lateral forces to the diaphragms then transmitted through 
the inter-element connections to the shear walls, which 

then transfer the resulting shear and uplift forces to the 
building foundations. Thus, the shear walls are the 
primary structural sub-components providing seismic-
resistance capacity in timber buildings through in-plane 
shear and dissipation of energy via the sheathing-to-
frame connection.  Effective design of these elements is 
based on the availability of reliable shear wall capacity 
data and engineering design properties of the identical 
constituent materials for applicable loading conditions.  
Hence, for seismic shear wall design the relevant data is 
usually derived from cyclic testing of prototype walls 
simulating the action of seismic forces.       

Current engineering trends in the Caribbean region 
facilitates adaptation of North American codes for 
design of structures and thus, timber buildings design 
may be based on the 2012 National Design Specification 
for Wood Construction, NDS-2012 (ANSI/AWC, 2012) 
and the 2008 Special Design Provisions for Wind and 
Seismic SDPWS-2008 (ANSI/AWC, 2008). The latter 
code includes provisions and shear capacity data for the 
design of shear wall panels with North American 
species. However, adaptation of these codes for 
engineering designs utilising Caribbean timber species 
necessitate the development of a database of design data 
for shear walls of similar materials and construction,  

This paper presents the results of an experimental 
investigation of the cyclic capacity of shear walls framed 
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with Caribbean Pitch Pine (Pinus Caribbea) species; and 
supplements ongoing research aimed at developing 
engineering design data for the design of hurricane and 
earthquake resistant timber buildings (Wilson, et al, 
2014). The study provides relevant nominal shear 
capacities for designs in accordance with the SDPWS-
2008 (ANSI/AWC, 2008). 
 
2. Literature Review 

Research on timber shear walls has been ongoing for 
over sixty years with much of the work being conducted 
in North America and Asia where timber is utilised 
extensively in low-rise residential buildings (Emerson, 
2002). The capacity of timber shear walls to resist wind 
and seismic forces is determined by conducting racking 
tests on wall specimens. Shear wall capacity is 
influenced by several variables including: shear strength, 
stiffness, sheathing type, frame material, sheathing-to-
framing connections, aspect ratios, openings and loading 
protocol.  Experimental investigations of the various 
parameters that affect the shear capacity of timber shear 
walls have been conducted by various researchers 
including, inter alia, Tuomi and McCutcheon (1978 ), 
Itani et al. (1982),  Patton-Mallory and Wolfe (1985), 
Cheung et al. (1988), Dolan and Madsen (1992), and 
Ellingwood et al (2004).  

Van de Lindt (2004) presented an extensive 
bibliographic review of shear wall research for the 
period 1982 to 2004. His review examined both 
theoretical and experimental studies and a wide range of 
parameters that affect racking behavior including shear 
wall dimensions, sheathing types, connections, and 
considered both monotonic and cyclic loading 
conditions.  More recently, studies based on monotonic 
testing investigated the influence of various sheathing 
types, wood species, construction techniques and other 
parameters that impact on the shear capacity. Design 
data for shear walls for native timber species have been 
developed by various researchers e.g. Kermani and 
Hairstans(2006); Li and Lam (2009); He et al. (1999); 
Yasumura (2010); Caprolu et al.(2012); Du et al. (2012); 
Liu et al.( 2012); He et al.( 2010); Sulistyono et al 
(2012); and  Sartori et al.( 2012).  

Cyclic testing has long been recognised as providing 
the best simulation of seismic load effects on shear 
walls.  Skaggs and Rose (1996) conducted cyclic 
reversed testing of plywood sheathed shear walls, 
investigating the effects of various parameters such as 
strength and stiffness and the influence of the sheathing 
nails on the failure mechanism.  The observed failure 
mode included  nail heads pulling into the face of the 
plywood and separating from the framing member.  
Similar sheathing connection failure mechanisms were 
also reported by Dinehart and Shenton III (1998). Dolan 
and Madsen (1992) studied the behaviour of shear walls 
sheathed with plywood and wafer board under 
monotonic and slow cyclic loading, and found no 

significant difference in the strength and stiffness 
between the two types of sheathing materials.  

Comparative studies of shear wall performance 
under monotonic and cyclic testing have also been 
conducted by several researchers (e.g. Dinehart and 
Shenton III, 1998; He, et al, 1998; Folz and Filiatrault, 
2001, Kobayashi et al, 2012) and these studies 
confirmed that wood shear walls performed similarly 
under monotonic and cyclic load testing.  Further, they 
established that cyclic testing simulated racking behavior 
more precisely based on observed damage to the 
sheathing fasteners as observed in earthquakes. The 
effects of different loading protocols were also 
confirmed in studies by He et al. (1998) and Gatto and 
Uang (2003).  Timber shear walls exhibit highly 
nonlinear load-deformation response which is  
influenced by the nonlinear behavior of the sheathing 
connectors which exhibit a degrading pinched hysteric 
behavior under cyclic reversed loading (Ayoub,  2007).   
Ellingwood et al. (2004) conducted cyclic reversed 
experimental studies to predict the response of the shear 
walls and develop seismic fragility parameters for the 
wood shear walls.  

  
3. Shear Wall Tests 

The experimental investigation on a full-scale plywood 
sheathed shear wall was conducted in the Structures 
Laboratory at The University of the West Indies.  For 
this study, twelve (12) shear wall specimens of 
dimensions 2,400 mm x 2,400 mm constructed with 
local timber species and Brazilian Pine plywood were 
tested. A typical shear wall specimen comprised 
Caribbean pitch pine framing and 12 mm thick plywood 
vertically oriented and nailed to the frame as shown in 
Figure 1.   

The frame comprised 50mm x 100 mm studs spaced 
at 600mm centers with double (2 x 50mm x 100 mm) 
end studs and top plate and single sole plate. Frame 
joints were formed using 10d common nails to connect 
the studs to the top and bottom plates.  The fastener 
schedule for the sheathing comprised 8d nails spaced at 
150mm on the perimeter and 305mm in the field.  
Fabricated steel tension ties were connected to the inner 
face at the joints between the end studs and base plate 
using 8d nails and a 16mm anchor bolt.  Two series of 
test panels (6 each series) were fabricated with different 
connections at the bottom internal stud-to-sole plate 
joint.  Series A wall panels utilised galvanised iron angle 
brackets to reinforce the bottom internal stud-to-plate 
joints, whereas, Series B wall panels utilised toe-nailed 
stud-to-plate joints. 

The test setup is shown in Figure 2.  The foundation 
consisted of a 305 mm x 305 mm reinforced concrete 
beam which was anchored to the concrete test floor 
using 38mm diameter anchor bolts. 
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Figure 1. Shear Wall Test Setup 

 
 
To ensure that the lateral load was uniformly 

distributed as a shear force along the top of the wall 
panel, a steel channel 127mm wide was attached to the 
full length of the top plate using 12mm (1/2”) diameter 
bolts at 600mm centers.  Out-of-plane deflection of the 
test panel was prevented by a lateral bracing frame with 
horizontal rollers at the top of the wall panel so as to 
ensure pure racking displacement of the wall specimen 
occurred during loading. The lateral loading was applied 
using a computerised testing system comprising an MTS 
250 kN hydraulic actuator with integral displacement 
Linear Variable Differential Transducers (LVDT) 
attached to the laboratory reaction wall. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure. 2. Typical Test Wall Panel 

The system recorded the lateral deflection at the top 
of the wall panel. Additionally, dial gauges were 
installed to measure the diagonal distortion of the wall 
panel and the uplift of both end studs.  
 
4. Loading Protocol  

The cyclic reversed shear wall tests were conducted in 
accordance with ASTM E 2126-11 (ASTM, 2011) using 
the Sequential-Phased Displacement Procedure (Method 
A). The standard recommends testing rate based on 
either, (i) constant cyclic frequency ranging from 0.2 to 
0.5 Hz or (ii) constant rate of displacement between 1.0 
to 63.5 mm/sec. The loading protocol adopted in this 
study was based on a constant actuator displacement rate 
of 4 mm/sec and involved load cycles at incremental 
displacement levels. This is illustrated in Figure 3.  
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Loading Protocol (ASTM E2126-11) 
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       The first displacement level comprised three phases, 
each with three fully-reversed cycles of equal amplitude, 
at displacements representing 25%, 50% and 75% of the 
anticipated First Major Event (FME) as shown in Table 
1.  The FME is defined as the first significant limit state 
to occur and is obtained by testing identical panels under 
monotonic loading. For this study it was taken as the 
yield displacement of 19.9 mm. The test was terminated 

at a cycle corresponding to 400% of the FME. Failure 
was observed when the wall panel racking distortion 
became excessive with significant structural damage to 
the sheathing connections and uplift of the studs. The 
load-displacement results were continuously recorded by 
the computerised testing system throughout the test and 
an Excel plot of the load displacement curve was 
generated.

 

 

Table 1. Loading Protocol Applied to the Wall 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

5. Results 

The results of the cyclic reversed tests are presented in 
Figures 4 and 5 for Series A and Series B test specimens, 
respectively.  These show the hysteresis curves which 
demonstrate the nonlinear cyclic racking behavior of the 
wall panels throughout the loading history. As specified 
in E 2126-11, the initial envelope curve represent the 
peak loads from the first cycle of each phase of the load 
cycles, whereas, the stabilised response is defined as a 
decrease in load between two successive cycles of not 
more than 5%. Four (4) equations are used as follows:  
 

Maximum Shear Strength, 

 

Shear Modulus, 

 

Ductility Factor, 

 

Elastic Stiffness 

 
Where, 

H and L are the wall panel height and length, respectively, in (m) 

P and Ppeak are the lateral load and maximum absolute load, 
respectively, measured at the top of the wall (kN) 

 Pavg-peak is the average maximum load resisted in the negative and 
positive directions (kN) 

 Pyield is the yield load - the horizontal line to the plastic portion of 
the envelope curve (kN). 
 Pu is the failure load taken as 0.8 Ppeak (kN) 
∆u is the failure displacement at top of the wall corresponding to 
Pu 

∆peak and ∆yield are the absolute maximum and yield horizontal 
displacements, respectively, at the top of the wall (m) 

∆e is the displacement at top of the wall corresponding to 0.4 Ppeak 
(m) 

Tables 2 and 3 show the results for the shear wall 
cyclic response characteristics for the initial and 
stabilised states as specified in ASTM E2126-11, 
respectively. Considering the results for the initial and 
stabilised states presented in Tables 2 and 3, firstly, for 
Series A wall panels; the shear strength (Vpeak) varied 
from 8.96 kN/m to 7.65 kN/m and 7.82 kN/m to 6.28 
kN/m for the initial and stabilised phases, respectively. 
For the initial phase the average to shear strength was 
8.28 kN/m and for the stabilised phase the average was 
6.91 kN/m. The peak shear modulus (G'peak) for the 
initial phase ranged from 400.98 kN/m to 295.64 kN/m 
with an average of 330.24 kN/m.  
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Figure 4. Load Deflection Hysteresis Curves – Series A: Wall Panels 
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Figure 5. Load Deflection Hysteresis Curves – Series B: Wall Panels 
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 Table 2 - Test Results from initial absolute graphs  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Table 3 - Test Results from stabilised absolute graphs 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Whereas for the stabilised phase, the range was 
381.69 kN/m to 306.52 kN/m with an average of 330.67 
kN/m.  For initial phase the average peak load (Ppeak) 
was 20.2 kN and the average failure load (0.8Ppeak) was 
16.16 kN. The average peak displacement (∆peak) was 61 
mm and the average failure displacement (∆u) was 73 
mm.   The average initial stiffness ke for Series A wall 
panels was 1,242.51 kN/m. 

For Series B wall panels in Tables 2 and 3; the shear 
strength (Vpeak) varied from 7.91 kN/m to 7.66 kN/m and 

7.25 kN/m to 6.25 kN/m for the initial and stabilised 
cycles, respectively.  For the initial phase the average to 
shear strength was 7.82 kN/m and for the stabilised 
phase the average was 6.75 kN/m.  For the initial phase 
the peak shear modulus (G'peak) ranged from 336.84 
kN/m to 285.65 kN/m with an average of 309.21 kN/m, 
whereas, for the stabilised phase the range was 274.34 
kN/m to 252.86 kN/m with an average of 261.4 kN/m.   
For the initial phase the average peak load (Ppeak) was 
18.8 kN and the average failure load (0.8Ppeak) was 15.35 

Test Series 

Wall 

Specimen 

# 

Ppeak ∆peak G'peak Vpeak 
0.8Ppeak

(PFailure) 
∆u Pyield ∆yield ke 

Initial 

Envelope 

Ductility 

Factor 

 
 

(kN) (m) (kN/m) (kN/m) (kN) (m) (kN) (m) (kN/m) 

A 

Metal bracket 

stud-sole plate 

joint 

A1 21.88 0.074 295.64 8.97 17.50 0.074 18.66 0.052 833.43 1.42 

A2 20.78 0.060 346.31 8.52 16.62 0.075 19.71 0.057 1385.39 1.32 

A3 19.54 0.060 325.66 8.01 15.63 0.080 17.27 0.050 1302.76 1.61 

A4 20.29 0.060 338.24 8.32 16.24 0.068 17.83 0.056 1353.06 1.21 

A5 18.66 0.060 310.95 7.65 14.93 0.068 16.14 0.045 1243.90 1.51 

A6 20.05 0.050 400.81 8.22 16.04 0.073 17.19 0.051 1336.49 1.43 

 AVG 20.20 0.061 330.24 8.28 16.16 0.073 17.80 0.052 1242.51 1.42 

 STDEV 1.095 0.008 36.54 0.45 0.87 0.004 1.25 0.004 206.13 0.14 

B 

 

Toe-nailed 

stud-sole plate 

joint 

B1 18.4 0.0582 321.31 7.66 14.96 0.073 19.56 0.053 1068.57 1.37 

B2 19.3 0.0580 332.76 7.91 15.44 0.075 17.95 0.041 1102.85 1.83 

B3 18.9 0.0655 288.55 7.75 15.12 0.088 18.75 0.047 945 1.87 

B4 19.2 0.0570 336.84 7.87 15.36 0.065 18.90 0.051 960 1.28 

B5 19.1 0.060 290.15 7.88 15.28 0.072 18.65 0.050 1030.28 1.44 

B6 17.9 0.062 285.65 7.82 15.92 0.070 17.25 0.045 1012.52 1.55 

 AVG. 18.8 0.060 309.21 7.82 15.35 0.074 18.51 0.048 1019.87 1.56 

 STDEV 0.54 0.003 23.70 0.094 0.33 0.008 0.80 0.004 61.01 0.24 

 

Test Series 

Wall 

Specimen 

# 

Ppeak 

(kN) 

∆peak 

(m) 

G'peak 

(kN/m) 

Vpeak 

(kN/m) 

0.8Ppeak 

(PFailure) 

(kN) 

∆u 

(m) 

Pyield 

(kN) 

∆yield 

(m) 

ke 

(kN/m) 

Stabilised 

Envelope 

Ductility 

Factor 

A 

Metal bracket 

stud-sole plate 

joint 

A1 17.98 0.060 381.69 7.82 15.27 0.074 17.49 0.040 763.45 1.85 

A2 17.09 0.060 341.87 7.01 13.68 0.069 14.92 0.036 1526.93 1.92 

A3 16.58 0.060 318.79 6.53 12.75 0.074 14.71 0.0301 1417.02 2.39 

A4 17.07 0.060 341.30 6.99 13.65 0.074 15.56 0.0371 1517.03 1.96 

A5 16.09 0.050 306.53 6.28 12.26 0.074 15.44 0.041 1277.29 1.80 

A6 16.69 0.050 333.83 6.84 13.35 0.064 15.41 0.036 1284.10 1.78 

 AVG 16.87 0.057 330.67 6.91 13.49 0.072 15.59 0.037 1297.63 1.95 

 STDEV 0.64 0.005 25.72 0.53 1.03 0.004 0.99 0.004 283.17 0.23 

B 

 

Toe-nailed 

stud-sole plate 

joint 

B1 15.5 0.056 274.34 6.35 12.4 0.065 15.1 0.035 1050.85 1.86 

B2 17.7 0.070 252.86 7.25 14.16 0.074 17.4 0.045 1180 1.64 

B3 17.2 0.068 252.94 7.05 13.76 0.076 15.52 0.031 1250.9 2.45 

B4 15.5 0.057 271.93 6.35 12.4 0.064 15.49 0.046 1033.33 1.39 

B5 16.4 0.064 262.74 6.25 13.12 0.070 15.2 0.401 1140.50 1.75 

B6 17.6 0.072 253.56 7.20 14.08 0.072 16.85 0.042 1195.6 1.71 

 AVG. 16.65 0.075 261.4 6.75 13.32 .070 15.93 0.04 1141.86 1.8 

 STDEV 1.00 0.007 9.86 0.47 0.80 0.005 0.96 0.148 85.20 0.36 
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kN, whereas, the average peak displacement (∆peak) was 
60 mm and the average failure displacement (∆u) was 74 
mm.  The average initial stiffness (ke) for Series B wall 
panels was 1,019.87 kN/m. 

 
6. Analysis and Discussion 

Based on the initial phases, the critical cyclic 
performance characteristics for Series A and Series B 
shear wall specimens were analysed and compared as 
presented in Figures 6 and 7.   

Generally, the performance of Series A wall panels 
(with metal bracket internal stud-to-plate joints) 
exceeded that of Series B (with toe-nailed internal stud-
to-plate joints) for all measured parameters. As indicated 
in Figures 6(a) and 6(b), respectively, the average failure 
load for Series A wall panels were greater than that of 
Series B wall panels by 6.5% (16.16 kN/m compared to 
15.35 kN/m) whereas, the average failure displacement 
was almost the same (73 mm to 74 mm).  The average 
maximum shear strength (shear capacity) of Series A 
walls exceeded Series B by 13% (8.28 to 7.82 kN/m) 
whereas, the average failure displacement was 
marginally greater (1.6%) as indicated in Figures 6(c) 
and 6(d), respectively.  Figure 6 (e) indicates that the 
average peak shear modulus for Series A was marginally 
greater (6.4%), however, as indicated in Figure 6(f), the 
average elastic stiffness of series A specimens was 
17.8% greater than Series B specimens.  Finally, Figure 
7 indicates that the average ductility factor was 9% 
greater for Series B wall panels.  

The results obtained in the present study compare 
favourably with several studies cited in the literature 
considering the variations in wall construction, materials 
and cyclic testing protocols. Dolan and Madsen (1992) 
tested 2.4m x 2.4m shear walls with Spruce Pine Fir 
(SPF) framing and 9mm Canadian Softwood Plywood 
connected with 8d common nails at 100mm perimeter 
and 150mm field spacings and obtained ultimate load Pu 
of 18.2 kN (shear strength Vpeak = 7.6 kN/m).  Folz and 
Filiatrault (2001) presented results for wall panels 2.4 m 
x 2.4 m using 9.5 mm oriented strand board (OSB) 
sheathing with 150 mm perimeter and 300mm field 8d 
common sheathing-to-framing nails and reported 
ultimate load Pu of 20.4 kN (shear strength Vpeak = 8.5 
kN/m) and ultimate displacement ∆u of 66mm.  Ayoub 
(2007) tested 2.4m x 2.4m in a two-storey shear wall 
construction that utilised 9.5mm Canadian Softwood 
Plywood connected to framing with 8d nails at 150 mm 
perimeter and 305 mm field spacing for the top shear 
walls and reported initial stiffness Ke =2.1 kN/mm, yield 
displacement ∆yield of 14 mm and ultimate displacement 
∆u of 69.7 mm. Ayoub’s (2007) test method subjected 
his shear walls to both vertical and lateral loading, 
however, no results for shear strength were reported.  
Gatto and Uang (2003) tested 2.4 m x 2.4 m shear walls 
with Douglas Fir framing and 12 mm plywood sheathing 

connected with 8d nails with perimeter spacing at 102 
mm and field spacing at 305mm and reported ultimate 
load Pu of 31.1 kN (shear strength Vpeak =13kN/m), 
ultimate displacement, ∆u of 74 mm and initial stiffness 
Ke = 1.35 kN/mm). All of the shear walls tested in the 
studies cited utilised studs spaced at 406mm centres 
compared to 600mm adopted in the current study for 
which the results were Pu = 20.2 kN, shear strength Vpeak 
=8.3 kN/m, ∆u = 73mm and Ke = 1.24 kN/mm (initial) 
and Pu = 16.9 kN, Vpeak = 6.9 kN/m, ∆u = 72mm and Ke 
= 1.3 kN/mm (stabilised).   
 
7. Applicability of the Study 

The study revealed that wall panels with internal metal 
bracket stud-to-plate joints (Series A) perform better 
than similar walls with toe-nailed joints (Series B) when 
subjected to cyclic loading.  The latter wall panels 
exhibited greater ductility than the Series A. However, 
this is to be expected since the effect of toe-nailing 
would be greater rotation of the joints with increased 
joint separation and uplift, as observed in the tests. This 
demonstrates the capacity of such walls to yield and 
deform inelastically, without significant loss of shear 
resistance, as evidenced by the similarity of maximum 
and failure displacements for both series of wall panels. 
As observed by Terentiuk and Memari (2014), high 
ductility does not necessarily indicate that the wall 
would perform adequately under seismic loading.  
Indeed, SDPWS-2008 does not permit the use of shear 
walls with toe-nail joints to transfer shear forces 
exceeding 3 kN/m.  
     The primary purpose of this investigation was to 
obtain design values for the seismic shear capacity of 
walls constructed with Caribbean Pitch Pine timber 
framing and plywood sheathing. This would inform the 
design of timber shear walls for seismic loading using 
the SDPWS-2008. Consequently, the applicability of this 
study should be assessed on the basis of the results for 
the wall panels constructed with metal bracket studs-to-
sole plate joints. The SDPWS-2008 includes provisions 
and nominal unit shear capacities for wood-frame 
Plywood shear walls constructed with Douglas Fir-Larch 
and Southern Pine framing based on a specific gravity of 
0.5.   

 Furthermore, for applications using other species, 
the code recommends that the tabulated nominal shear 
capacities should be adjusted by a Species Adjustment 
Factor given by Csp= [1 – (0.5 – G)]< 1, where G is the 
specific gravity of the framing lumber. The specific 
gravity for Caribbean Pitch Pine obtained from testing 
was 0.66.  Hence, the ajustment factor is [1-(0.5-G)] = 
[1-(0.5-0.66)] = 1.16.  A value of Csp = 1.0 should be 
applied for Caribbean Pitch Pine framed walls with 
similar construction for shear wall design in accordance 
with the SDPWS-2008 code. 
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Figure 6. Comparison of Shear Wall Performance Characteristics 
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Figure 7. Comparison of Ductility Factors 

 
      

The present study provides data on two critical 
parameters--seismic unit shear capacity vs (vpeak) and the 
apparent shear stiffness Ga (ke): These were previously 
unavailable for designing shear walls utilising Caribbean 
Pitch Pine framing and plywood sheathing These results 
are applicable for shear wall constructed with 12mm 
thick plywood with panel edge fasteners of 8d common 
nails spaced at 150 mm centres.  The values obtained 
from the present study were compared with the tabulated 
values of the SDPWS-2008 by applying the Species 
Adjustment Factor as shown in Table 5.  The average 
value for unit shear (vpeak) from the present study was 
10% greater than the code’s nominal unit shear (vs), 
whereas the stiffness was 35% lower that the code value. 
The may be attributed to the initial stiffness response 
influenced by the relative restraint of the tension ties 
utilised in the present study as opposed to the code. 

 

 

Table 5. Comparison of Nominal Unit Shear Capacities and 
stiffness 

Wall Type 
Parameter SDPWS-

2008 * 
kN/m 

Present 
Study ** 

 kN/m 

Difference 
kN/m 

Plywood 
Sheathed Wall 
- 8d common 
nails  
- 6 in panel edge 
fasteners 

vs 

 
7.4 8.3 10% 

Ga 

 1926  1242.5 35% 

Notes: * - Douglas Fir-Larch or Southern Pine Frame 
         ** - Caribbean Pitch Pine Frame 

 

8. Conclusion  

The research was conducted to investigate the behaviour 
of timber shear walls constructed with plywood 
sheathing and Caribbean Pitch Pine framing subjected to 
cyclic loading; and to compile seismic design data. This 
is needed for the design of timber buildings with 
improved earthquake performance in the Caribbean, 

considering that a high percentage of residential 
buildings in the region are constructed with timber. 
There is a paucity of design data on Caribbean species. 
The shear walls are the most critical structural element 
of the lateral force resisting system for timber buildings.  
Two sets of shear walls with different internal stud-to-
sole plate joints were tested. The wall panels with metal 
bracket joints demonstrated better performance 
compared to walls with toe-nailed joints.  The hysteresis 
curves for the wall panels tested confirmed the nonlinear 
racking response under cyclic loading and served as the 
basis for determining the relevant cyclic design 
parameters  

The critical design parameters of unit shear capacity 
and wall stiffness obtained in this study were compared 
to corresponding values from the SDPWS-2008 
(ANSI/AWC, 2008) applying the recommended Species 
Adjustment Factor for timber-framed shear walls of 
similar construction with Douglas Fir-Larch and 
Southern Pine.  The comparison was based on the results 
for wall panels with metal bracket frame joints since the 
code does not permit use of toe-nail joints for shear 
walls transferring shear loads greater than 3 kN/m.  The 
average unit shear capacity obtained for the walls with 
metal bracket joints was 8.2 kN/m compared to 7.4 
kN/m given in the SDPWS-2008, however, the apparent 
stiffness was 35% lower than the corresponding code 
value. This indicates that the test results may be 
applicable for design and construction of timber 
structures with similar species in the Caribbean. 

Further research on shear walls to confirm the 
earthquake-resistance buildings constructed with 
Caribbean timber species is ongoing. These include 
testing of shear walls constructed with other popular 
local wood species for framing and sheathing materials. 
Variation of construction features, such as shear wall 
size (aspect ratios), stud spacing and sheathing-to-
framing nailing schedules (perimeter spacing varying 
from 75mm to 150mm) are being investigated. 
Additionally, tests on shear walls with openings (doors 
and windows) have already been conducted as part of 
this ongoing research programme aimed at establishing a 
database of design data and which would inform a 
design code for Caribbean timber species.   
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Abstract: Development of alternative energy sources has attracted worldwide interest given the adverse effects of fossil 

fuels on the global climate as well as its unsustainability. It is in this context that this report examines the feasibility of 

marine power generation at the 14 km wide Serpent’s Mouth in Trinidad. It is part of the narrow Columbus Channel which 

lies between Trinidad and Venezuela. At this location, depth varies between 30 - 48 m and a marine current of approximately 

1.5 m/s suggests the possibility of generating power through submerged turbines.The conditions are similar to those at 

Strangford Lough in the Irish Sea, where the world’s first marine current turbine was installed in 2008 for generating 2 MW 

of power. After taking into account the technical, environmental, and economic factors, this paper concludes it is feasible to 

use The Serpent’s Mouth location for Power Generation. 

Keywords: Columbus Channel, Marine Current Turbines (MCTs), Power Generation, Marine Renewable Energy (MRE) 

 
1.  Introduction 

A mere 14 km separates Trinidad (10.4606° N, 
61.2486° W) and Venezuela (10.5000° N, 66.9667° W) 
at the Serpent’s Mouth. Such a constriction, at the 
Columbus Channel, creates a Venturi effect as the 
Guiana Current flows into the Gulf of Paria. The 
resulting current velocities in the range 2 – 3 knots (1-
1.5 ms-1) provide an opportunity for renewable power 
generation, through the use of Marine Current Turbines 

(MCTs). Against this background, this paper 
investigates the feasibility of power generation from 
marine currents off the southern coast of Trinidad. It 
may be noted that the feasibility of power generation by 
MCTs has been considered in different parts of the 
world. Indeed, one MCT is currently producing 2 MW 
of power in the Irish Sea (Fraenkel 2007). Figure 1 
depicts the location of Trinidad and its Serpent’s Mouth. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Location of Trinidad and its Serpent’s Mouth 
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2. Location Selection 

Within the island region of Trinidad exists two locations 
that can be considered for Marine Renewable Energy 
(MRE) generation. On the northwest of the island exists 
The Dragon’s Mouth and to the southwest of the island, 
The Serpent’s Mouth. 

The Government of the Republic of Trinidad and 
Tobago and the Government of the Republic of 
Venezuela, hereinafter referred to as the Contracting 
Parties, resolving in a true spirit of cooperation and 
friendship to settle permanently as good neighbors the 
limits of the marine and submarine areas within which 
the respective Governments exercise sovereignty, 
sovereign rights and jurisdiction through the 
establishment of a precise and equitable maritime 
boundary between the two countries (United Nations 
2002). All operations are to be kept within the 
delimitation line (see Figure 2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 2. Delimitation Line of Trinidad and Tobago 

 
2.1 The Serpent’s Mouth 

Flow Rate: 

As aforementioned, current velocities range from 2-3 
knots (1-1.5 ms-1) from the Guiana Current and the 
Orinoco River Discharge. 
 
Obstructions and landmasses: 

Soldado Rock is a small land mass located in the Gulf of 
Paria east of Icacos Point in Trinidad and north of the 
Venezuelan mainland (see Figure 3). It is under the 
ownership of the Republic of Trinidad and Tobago.  
 
Bathymetry: 

As stated before, the depths of Serpent’s mouth ranges 
30-48 meters. All depths above thirty (30) meters will 
not be considered for power generation (see Figure 4). 

 
2.2 The Dragon’s Mouth 

Current velocities within The Dragon’s Mouth range 
from 2-2.5 knots (1-1.3 ms-1) from the Gulf of Paria 
outflow (NGIA, 2014). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Soldado Rock 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Bathymetric Chart - The Serpent’s Mouth 

 
Obstructions and landmasses: 

The Bocas Islands lie between Trinidad and Venezuela, 
in The Dragons' Mouth. The islet masses are 
Chacachacare, Monos, Huevos and Gaspar Grande and 
Little Gasparee, all under the ownership of the Republic 
of Trinidad and Tobago (see Figure 5). 
 

Bathymetry: 
The depths of The Dragon’s mouth range from 30-50 
meters. Between the islands, the seafloor depths plunge 
from 50m to around 400m, as a result of the mountain 
building processes of the Northern Range, which caused 
downward buckling in the Bocas area. The area also 
suffers continued scouring from the outflow of the Gulf 
of Paria (Kenny, 2000). Figure 6 shows a Bathymetric 
Chart of The Dragon’s Mouth. 
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Figure 5. Bocas Del Dragon Islands 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 6. Bathymetric Chart - The Dragon’s Mouth 

 
2.3 Site Selection 

Considering the characteristics of both The Dragon’s 
Mouth and The Serpent’s Mouth locations as described 
above, The Serpent’s Mouth location was chosen for 
MRE generation. The Serpent’s Mouth location possess 
more desirable conditions, having a greater average 
flow velocity and less obstructions within the location, 
giving more operating area for the MCTs. Also, the 
Dragon’s Mouth area contains deeper scour holes within 
its vicinity, which challenge the construction of 
convention pile foundations.  
 

3. Physical Setting 

3.1 Prevailing currents 

The location of Trinidad and Tobago on the continental 
shelf of South America and immediately adjacent to the 
outflow of the Orinoco River determines the nature and 
form of its coastal and marine environment (EMA 
1996)., the outflow from the Orinoco River is a key 
determining factor in the proposed location, as it  adds 
to current flows into the Gulf of Paria.  

Adding to the current flow velocities passing 
through the Serpent’s Mouth is the, the South Equatorial 
Current, the main current around and into the region. 
The South Equatorial Current flows toward the west 
where it divides into two branches, but one continues to 
the Northern Hemisphere with the Guiana (Guyana) 
Current into the Caribbean. This northwest flowing 
branch flows into Columbus Channel, passing the 
Serpent’s Mouth into the Gulf of Paria (see Figure 1).  

The multiple rivers are identified as the major 
contributors to current velocities pass the Serpent’s 
Mouth. They outflow along the northern continent of 
South America from the Orinoco River and the Guiana 
Current coming from the Atlantic through the Columbus 
Channel. 

 
3.2 Tides 

The tides around Trinidad and Tobago are semi-diurnal. 
High and low tides alternate every 12 hours varying 
around the coasts, with high tides peaking at 1.2 meters. 
The predominant wave direction along the shores of 
both Trinidad and Tobago is from the east, although 
seasonal variations occur under the effects of trade 
winds. The west coast of Trinidad facing into the Gulf 
of Paria is largely sheltered from swell-waves; however 
it can be exposed to significant swell during the wet 
season, when waves generated in the Atlantic pass 
through the Dragon’s Mouth (James, 1996). 
 
3.3 Waves 

Trinidad and Tobago is subject to wind driven waves, 
generally from the east, only changing with seasonal 
variations associated with changes in the trade 
winds.This wave regime is typical for this latitude. On 
the east coasts of both Trinidad and Tobago, sea 
conditions are turbulent at all times, and from January to 
May conditions become difficult along the north coast 
of Trinidad. The Gulf of Paria is sheltered with 
generally very low wave energy levels, which only 
experiences high swells during the winter storm activity 
in the Atlantic when some northerly swells make their 
way through the Dragon's Mouth. Also large swells are 
reported in the Gulf (EMA 1996). 
 
3.4 Soil type 

Within the Columbus channel and surrounding areas 
exists varied bottom types ranging from mud to 
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mudstone (EMA 1996). The depth to bedrock or soil 
layer thickness is unknown as there is no data for this 
area. 
 
3.5 Seasonality of Flow Velocities 

The climate of the Orinoco basin is tropical, with the 
wet and dry seasons  marked by differences in rainfall 
rather than in temperature,. This seasonality is 
determined by the annual north to south migrations of 
the inter-tropical convergence zone (ITCZ). This 
seasonality of rainfall determines the flow velocities 
coming from the Orinoco basin through the Columbus 
Channel (EMA, 1996).   
 
4. Technical Feasibility 

4.1 Assumptions and Approximations 

Several assumptions and approximations were made. 
These include: 

1) The useable area was idealised as a large 
rectangular open channel, 

2) An average depth of 37 meters within the useable 
area was used for MCT rotor sizing, 

3) The width of the rectangular channel is 
approximately 5.6 kilometers, 

4) The length of the channel is approximately 20 
kilometers, and 

5) The flow velocity used was 1.25 m/s. 
 
4.2 Turbine Array Placement 

In order to assure maximum yield from the project, 
multiple MCTs were placed in an array to generate as 
much energy as space permits. The feasibility of ten 
(10) MCTs was tested and placed at 200 meters center 
to center spanwise over 2 kilometers within the 
designated area. The total turbine spacing makes  
provision for boat passing and fishing within 
approximately 3 kilometers of the channel. Figure 7 
shows the turbine array within The Serpent’s Mouth. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. Turbine Array within The Serpent’s Mouth 

 

4.3 Rotor Sizing 

Lower Boundary 

Depth to the seabed is a direct factor to potential energy 
generation; therefore, the channel was idealised as an 
open channel to find the Critical Depth of the channel. 
To do so the Specific Energy versus Depth graph was 
plotted for the location. The Specific Energy of water is 
the total depth, or head, of the channel in relation to a 
specific location. The Critical Depth is the depth within 
the channel at which the Specific Energy is lowest. 
Figure 8 shows the allowable depth region 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 8. Allowable Depth Region 

 

Under this depth lies the supercritical flow of the 
channel where the specific energy increases 
exponentially as it tends to the seafloor. Although 
supercritical flow increases exponentially when 
approaching zero (0) depth, the presence of 
sedimentation and scour, along with the boundary layers 
experienced on the ocean floor, cause uncertainty in 
yield and potential risk of the turbine. Therefore, the 
critical depth was found to use the subcritical flow for 
energy generation over that point. Figure 9 is a graph 
showing specific energy versus depth. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9. Specific energy versus depth 
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Upper Boundary 

Also considered was the possibility of damage due to 
wave forces. As a preventative measure, the wave base 
where wind wave energy will dissipate at was calculated 
as clearance.  

Having these two limiting factors along with 
optimum power generation, depths of at least thirty (30) 
meters must be used to have an adequate rotor diameter. 
 
Critical Depth  

hc = (
�2 �� )1/3 

hc = (46.252
9.81� )1/3 

hc = 6.02 meters 

   where, 
q = Flow Rate 
g = Acceleration due to Gravity 

 

4.4 Wave Clearance 

    Deep Water Approximation: 

d = 
��2

2��  

    Wave number: ko = 2� ��  

    Celerity: �� � (��ℎ)  = 2.62 

    Wavelength: λ = CoT  = 9.64 m 

    Wave base = � 2�  = 4.82 m 

    Therefore, the Rotor Blade will be 25 m. 
 
4.5 Turbine Power Output 

The hydrokinetic turbine is like taking a wind turbine, 
turning it upside down and sticking it into the water. 
(Fraenkel, 2013). The design of the turbine is a double 
rotor horizontal axis hydrokinetic marine current 
turbine. Horizontal axis hydrokinetic turbines are one 
amongst the various machines which can be used to 
extract the kinetic energy of water streams. They are 
meant to be placed in water streams of rivers or oceans 
and generate electricity in the order of 15 to 1,000 kW 
without making significant changes to the environment. 
The key factor in the design of the turbine is the density 
of the water. This would potentially cause the marine 
current turbine to provide a greater power output than 
that of its renewable counterpart. Figure 6 shows a 
Marine Current Turbine. 
 
Power Output 

The power relations for tidal current resources are 
similar to those used in wind applications. The power, 
P, available in a tidal current, is given by: 

P= 
12���3 

   where, P = power output 
 σ = density of seawater 
 A= Rotor swept area 
 V = current velocity 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Marine Current Turbine 

 
However, the actual power that an MCT can capture 

is:  

P= 
12���3� 

Where, ϑ = Betz’s Limit 

Therefore, using a rotor diameter of 25 meters  

 P= 
12 (1029)(1.253)(

�2524 ) (0.6) 

 P = 295.96 Kilowatts per Rotor 

Since the design is a double rotor turbine, the total 
power output of the turbine is: 

Total power = 295.96 kilowatts x 2 rotors 
Total power = 591.92 kilowatts per MCT 

 

Turbine Array Power Output 

Total Power Output = 10 turbines x 591.92 kilowatts 
Total Power Output = 5.919 Megawatts ~ 6 Megawatts 
 

Scour 

The passing of the Guiana Current/Orinoco River 
discharge through the Columbus Channel has a 
powerful erosional effect. Therefore, a scour depth 
analysis is required to ensure the design of the MCT 
structure (Julien, 2002). This is determined by: ��ℎ =  2.0 K1K2 ��ℎ�0.65 ��0.43  

    Where, 
 Δz  = Scour depth 
 a = Monopile Diameter 
 h = Upstream Water Depth 
 K1 = Correction for Shape (see Table 1) 
 K2 = Correction for Flow Angle (see Table 2) 

Fr = Upstream Froude Number 
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∴ ��
37

=  2.0 (1)(1) �3.5

37
�0.65

(
1.25√(9.81 × 37)

)0.43 ∴ ����� ����� ,�� = �.�� ~ � ������ 

 
Table 1.Correction for Shape 

 
 
 
 
 
 
 
 

Table 2. Correction for Flow Angle 
 
 
 
 

 
 
 
 
 
 
 
5. Environmental Feasibility 

5.1 Environmental Impact Assessment 

Marine life is expected to be impacted, as foreign 
objects were placed within their ecosystem. The more 
prominent activities, being fishing and shipping, are also 
expected to be adversely impacted. Within the Serpent’s 
Mouth area, Gillnetting and Trawling are most common 
(see Figures 7 and 8) (Mangal, 2008). As such, fishing 
and boating operations will need to be restricted to a 3 
kilometer area within the Serpent’s Mouth to make 
provisions for the active MCTs.  
 
 
 

 

Figure 7. Trawling areas around Trinidad 

 

Figure 8. Gillnetting areas around Trinidad and Tobago 

 

 
Fishing depends on marine life. As the marine life 

thrives, fishing will thrive. The two options for marine 
life protection are Fish Caging (Aquaculture) and 
Turbine Screening. Table 3 shows a summary of the 
Environmental Impact Analysis, whereas Table 4 shows 
a selection criteria matrix 

The limited available information about the effects 
of acoustics on marine animals from marine energy 
devices suggests that animals are unlikely to be killed or 
seriously injured by the operational or pin-piled 
installations sounds generated by the turbines (PNNL, 
2013).  
 
5.2 Turbine Screen Considerations 

The boundary layers around the netting material will 
minutely reduce flow velocities because of space sizing 
requirements, ensuring that the smallest of commercial 
fish cannot pass through the screen. Furthermore, it 
must protect both the front and back of the turbine 
because of current direction changes. The reduced flow 
velocity from the netting along with the wake velocities 
can further reduce the flow rate experienced by the 
turbine, ultimately reducing power generation by the 
array. The screen must not be flat, as ocean currents can 
pin fish unto the screen, and there is the likelihood  of 
marine animals being trapped within the netting 
material. 
 
5.3 Aquaculture Considerations 

Fish farms using cages, in which the fish live and breed, 
ensure that the population of the fish is maintained 
because they are in no harm of turbine passage. 
Breeding standards can be imposed to increase the 
quality of fish for trading. It also increases the 
probability of the catch to 100%. Farms can be set up 
inland or offshore, or both to supply a higher demand. 
This is a control measure to help maintain the

 

 

Pier Type K1

Square nose 1.1

Round Nose 1

Circular cylinder 1

Sharp nose 0.9

Groups of Cylinders 1

p  

 

Lp/a=4 Lp/a=8 Lp/a=12

0 1 1 1

15 1.5 2 2.5

30 2 2.5 3.5

45 2.3 3.3 4.3

90 2.5 3.9 5

Correction Factor, K2

 g  

Attack 

Angle θp
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Table 3. Environmental Impact Analysis 

Hazard Impact Mitigation 

Greenhouse Gas Emissions Without the emission of pollutants and greenhouse gases into 
the atmosphere, MRE does not contribute to climate change or 
acid rain. Thus, it is considered environmentally sustainable. 

None Needed. 

Death/Injury by MCT 
interaction 

Marine mammals and fish can suffer from mechanical strike 
when passing the turbine. Smaller fish can suffer from shear 
and pressure cavitation severely injuring or killing them. 

Adoption of Aquaculture or turbine screens. 

Marine Pollution Some lubricants, paints and coating applied to the MCTs can 
be extremely toxic to the surrounding ecosystem.  

Lubricants and Paints would need to be 
carefully selected with the implications of their 
use fully considered. 

Disruption of Fishing and 
Shipping activities 

The presence of operating MCTs will interrupt fishing 
activities and shipping activities if there is not sufficient 
clearance between the MCT rotor tip and the water surface. 

Restricted fishing and shipping area within 
Marked turbine operation area. 

Seabed Deformation The flow around the base of the MCT will cause scour, 
changing the seabed surface. 

Riprap will be place around the monopile base. 

Change in Flow patterns The presence of obstructions within flow path will cause a 
change in flow patterns and flow rates throughout the channel. 

- 

Operation Acoustics The sound from the operating MCTs may mask marine 
animals’ hearing and thus their ability to engage in social 
interaction, locate prey, avoid predators, and navigate hazards. 

- 

 
 

 
Table 4. Selection Criteria Matrix 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 

fisheries industry, but outside of the cage, where the 
wildlife still exists around the MCTs, there is no 
protection. Thus, aquaculture is fit for economic 
sustainability, not the protection of the marine wildlife. 
 
Marine life activity in the presence of MCTs 

From the SeaGen project at Strandford Lough, they have 
reported that no major impacts were encountered with 
marine life. The resident seal and porpoises swim freely 
in and out of the Lough while the turbine was operating. 
Also, post mortem evaluation of marine mammals did 
not reveal any evidence of fatal strike by the SeaGen 
device. From observations at the Europeans Marine 
Energy Center, no marine mammals have been observed 
interacting with the turbines, but seals and porpoises 
were observed transiting through the region around the 

turbine. No fish have been observed swimming through 
the turbine while the turbine is rotating.  

Verdant Power in New York also produced results 
showing resident and migratory fish avoided their 
turbines, preferring the stay closer inshore in slower 
waters (PNNL, 2013). Other than the SeaGen turbine, 
which has a manually operated shutdown function when 
marine mammals enter 30 m of the turbine. No others 
have any protective measure to accommodate the marine 
life, but have all reported little to no marine life 
interaction with the MCTs.  

In light of this, the Aquaculture measure was chosen 
as the control measure to maintain maximum turbine 
efficiency and safeguard to the fisheries industry. 
 
Bio-fouling 
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at Risk
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Impact
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Control 
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Turbine 

Efficiency

Power 

Generation
5 5

Turbine 

Screens
5 3
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Turbine Interaction

Turbine Screen Measure

Rating Residual Rating

Fatal Risks

Rating

Aquacluture Measure

Residual Rating
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Most of the tidal energy structures to be submerged in 
saltwater are expected to experience bio-fouling. The 
main problem as it relates to MCTs is the drag forces 
induced upon the rotor blades as a result of the increased 
weight. The blades rotate slower, reducing power 
generation, because of its increased weight. To protect 
the MCT against fouling, antifouling coatings are used. 
The turbines need regular maintenance is needed 
(Delauney, 2010). 

As expected, any coating will have an impact on the 
surrounding environs. Since this a problem with 
antifouling technologies, some contain copper or 
tributyltin (TBT) which have undesired effects on 
marine organisms. More environmentally friendly 
antifouling paints are to be explored to reduce 
environmental impacts. 
 
6. Economic Feasibility 

6.1 Considerations and Assumptions 

Several considerations and assumptions were made. 
These include: 

1) All power generated was sold to the Electrical 
power grid. 

2) Annual energy consumption was estimated  at 7.59 
billion kWh (2014) (IndexMundi 2015). 

3) Residential power usage is 27% of total energy 
consumption (Newsday 2007). 

4) The residential population was used as 342200 
homes (Newsday 2007). 

5) MCT capital cost increases linearly with increase 
rotor diameter. 

6) The exchange rate between TTD and the USD is 
used as $1.00 to $6.49. 

7) The service life of MCT was taken as 20 years. 
 
Array Viability 

Producing an average 6MWh, the array generates 
4261858.82 kWh monthly. Per month, the average 
residence consumes 500 kWh; this allows the MCT 
array to generate power for 8523 residential homes 
monthly. Table 5 shows the MCT viability. 
 

Table 5. Turbine Viability 

Energy Supply kWh Turbine Supply kWh 

Annual 
Consumption 

7590000000 Array power 
output (kW) 

5919.25 

Residential 
Consumption 

2049300000 Array Energy 
production 

5919.25 

Residential  
(1 hr) 

0.68 Monthly 
Production 

4261858.82 

Monthly 
Consumption 

492.213958 Average 
Residential 
Consumption 

500 

Number of homes supplied by MCT Array 8523.717646 

 
 
MCT Costing  

The capital costing for the MCTs were estimated as a 
linear increase from the capital costs of the 16m rotor 
SeaGen turbine and the 18m Pilot turbine located within 
the Bay of Fundy. With the capital cost for the 16m 
turbine being $5.15 million USD and the 18m turbine 
being $5.81 million USD gives the difference of 
$662720 USD. Linearly, this would give $331360 per 
1m rotor diameter, giving our 25m MCT a capital cost of 
$ 8.1 million USD. 
 
Array Costing 

Mass production and installation have reduced the 
capital costs for arrays per kWh. Using $4598/kWh 
USD, the capital cost for the 10 MCT array is estimated 
$47 million USD. 
 
Annual Life Cycle Unit Cost 

At a rate of $0.19 USD/kWh, the life cycle cost of the 
array approximates to $10 million USD. 
 
6.2 Economic Feasibility and Considerations 

For viability to be achieved, power generated would 
have to be sold at a rate of $0.30 USD/kWh. Table 6 
shows a summary of benefits (revenue) and costs 
(expenditures), and Table 7.shows the computation of 
Net Present Value, of the project.  
 

Table 6. Benefits (Revenue) and Costs (Expenditures) 

 
 
 
 
 
 
 
 
 
 
 
 
 

With the project becoming feasible at the rate of 
$0.30 USD/kWh, this is quite costly. However, 
increased awareness about climate change may prove a 
fillip to investment in renewable energy. Small Island 
Developing States are particularly vulnerable to sea level 
rise and ecological changes. Therefore, exploitation of 
our renewable energy potential is critical for the 
preservation of our fragile ecosystems. 
 
6.3 Economic and data Shortcomings 

It should be stressed that the soil layer depths and the 
depth of bedrock are unknown. This information is 
needed to determine construction methods and actual 
construction costs. Depth to bedrock and seafloor 
characteristics  can  influence  the  type of foundation — 

 

Rate ($) 0.30$                           

Array kWh 5919.25

Annual kWh 51852615.68

Annual Revenue (USD) 15,555,784.70$        

Cost

Capital 47,032,095.63$        

Annual Life Cycle Unit 

Cost 9,989,510.65$          

Service Life (yrs) 20

Total Expenditure 246,822,308.72$      

Benefit
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Table 7. Calculations of Net Present Value 

 
 
 
 
whether skin friction piles or end-bearing piles can be 
used. These varying types of foundation can have 
different costs, with friction piles being controlled by the 
length of pile, and end-bearing; depending on the type of 
foundation, whether tripod, gravity or monopole with 
guy wires. 

The monetary funding would go toward foundation 
and stability operations of the MCTs. In this instance, 
judicial scaling was deployed by using the Unit Life 
Cycle cost for the pre-existing SeaGen MCT and linearly 
scaling it up to our MCT rotor diameter as a means of 
conpensation. As foundation costs are expected to be 
included within the Unit Life Cycle cost, this was used 
as the approximate cost of our MCT. With the nature of 
this pricing, it is understood that the varying seafloor 
characteristics between The Serpent’s Mouth and 
Strangford Lough can serve to decrease the creditability 
of the approximated figure. This raises an unknown 
factor, which can substantiall impact costing. With the 
Cost-Benefit Ratio being 1.16; with the project only 
becoming acceptable at a Cost-Benefit ratio of 1, this 
would be too low to be considered a cushion range for 
the unknown cost associated with the foundation and 
stability issues. 

Therefore, with the lack of data aforementioned, the 
economic path for MRE generation within The Serpent’s 
Mouth is still unclear. 
 
7. Conclusions 

Regarding technical feasibility, MCTs can be sized up to 
25 meters in rotor diameter. As the physical 
characteristics of the site location permits, it is possible 

to generate on average, 6 MW of power, peaking at 10 
MW (Flow velocity of 1.5 m/s) of power from the MCT 
array. Each MCT will experience a scour depth of 
approximately 5 meters around their monopoles. Given 
the physical limitations of the site, it is technically 
feasible to place MCTs within the Serpent’s Mouth. 

Regarding environmental feasibility, the installation 
of the MCT array would have minimal environmental 
impacts, with compensative measures being deployed 
for the most common impacts of the MCTs. Therefore, 
the MCT array is deemed environmentally feasible. 

For economic feasibility, considering the capital cost 
for the MCT array, the operations and maintenance costs 
and revenue generated at $0.30 USD/kWh, the project 
produces a Net Present Value of $7,618,403.50 and a 
Benefit-Cost ratio of 1.16, deeming this project, 
economically acceptable, but not feasible. With the 
limitations of site specific knowledge, unknown costing 
factors will be too large for a Cost-Benefit Ratio of 1.16 
to be able to provide adequate room for uncertainty 
because of the unknown quantity of money. 

Overall, the Marine Current Power Generation 
project within Trinidad can be seen as feasible, but only 
over time, where technological advancements are made 
within the field to increase the efficiency of MCTs, 
causes a higher optimum power generation to yield the 
maximum benefits of the Marine Renewable energy 
technology. 
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Abstract: Orange peel particulate (OPP) epoxy composite optimisation is studied for its water absorption capabilities. 

Weight of samples before and after dipping in water were examined and analysed. The weight gain (WG-type) and water 

absorption (WA-type) were chosen as the target output variables for the water absorption process optimisation of the pure 

epoxy and 5 % OPPs composite. The optimal factor levels for the pure epoxy gave an initial mass, final mass and weight 

gain of 15.12, 15.62 and 0.88 g, respectively, and for OPP composite 16.88, 17.96 and 1.17 g, respectively. The level of 

influence each of the controllable factors exercises on the water absorption properties of the materials was investigated by 

evaluating the strength of the correlation between their sequences using the grade matrix of the grey relational tool. For the 

composite, the WA-type was further affected by the power of the controllable factors compared with the WG-type. However, 

the final volume was found to be the most significant factor to the water absorption of the composite. The sequential order of 

importance for the epoxy and its composite were found to be different for the two output variables considered. Overall, the 

final mass was found to be the most significant factor. 

Keywords: Water absorption, grey relational analysis, epoxy, sequences, controllable factors 

 
1.  Introduction 

The elimination of the harmful effects of 
indiscriminately-disposed wastes, including agricultural 
wastes, is a top-agenda in environmental programmes of 
developing countries (Yakowitz, 1993; Panda et al., 
2010). These wastes potentially cause epidemics with 
associated huge health costs if not properly managed 
(Sabiiti, 2011; Annepu, 2012). Waste conversion into 
wealth is of paramount interest to governments, 
researchers and scientists across developing countries. A 
primary use of orange peel wastes, which is hugely 
generated in developing countries, is the extraction of 
the oily substance from it, providing useful elements for 
some chemical preparations. A second major use of 
orange peel wastes is its usage in composites. This is the 
commencement of a new way of guaranteeing reduced 
composite life-cycle costs through low material cost and 
reduced maintenance costs. 

The development of orange peel particle (OPP) 
fillers for composites in the composite science and 
engineering area is a principal milestone in the historical 
evolution of composite fillers. The developed composite 
from OPPs is expected to exhibit attractive 
characteristics of refined grain patterns, substantial 
strengths, enhanced resistance characteristics, minimum 
metallurgical defects, outstanding dimensional stability 
and enhanced composite reliability. At present, a major 

portion of these properties of the OPPs is unknown. 
Consequently, it is necessary to develop composites 
based on OPPs as the filler and subject them to various 
tests. Only then will the data-bank of properties on OPP-
based composites be created for an improved 
understanding of the composite by the scientific 
community.  

In this paper, an attempt is made on the 
experimentation and determination of the water 
absorption properties of OPP-based composite. 
Specimens were evaluated for the effects of water 
absorption on them, using epoxy as the matrix. The 
specimens were immersed in a beaker containing water 
and the experiments were performed for a period of 38 
days with measurement taken at random. The random 
choice of measurements is at variance with the practice 
in the composite literature and meant to reveal the 
swelling behaviour of the composite over the two month 
period of investigation. Samples were for pure epoxy 
and 5% OPP-based epoxy composite. The water 
adsorption is known to influence thickness swelling and 
trigger changes in dimensions of the composite. 

Much of the investigations that have been carried 
out on water absorption has been in the context of fibres 
(Chow et al., 2007; Hu et al., 2010; Pan and Zhong, 
2015; Haameem et al., 2016). This paper adds to existing 
literature knowledge by contributing ideas that optimises 
the process parameters in water absorption systems for a 
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composite investigation. Specifically, the attention of the 
reader is called to the application of grey relational 
analysis, which has the merit of uniquely optimising 
parameters in a process even with limited information. 
What follows is a brief account of water absorption 
process literature wherein gaps are reflected. Li et al. 
(2015) assessed the effects of adding boron nitride in 
hexagonal form to the characteristics of B4C-oriented 
composites of ceramic origin, from tribological tests, 
and subjecting the test samples to lubrication by water.  
Similarly, Umeda et al. (1993), Saito and Honda (2000) 
as well as Chen et al. (2009) experimented with 
specimens in water environments.  

Associated experiments could be found in Cu et al. 
(2008). Hu et al. (2016) studied the influence of 
extensive-term of water immersion age-wisely on the 
heat as well as mechanical properties of 
polydicyclopentadiene polymer composites which were 
catalysed by ruthenium. It was concluded that aging 
resulted in a downgrade of the interface strength, which 
consequently reduced fatigue strength. It is clear from 
these reviews that scholars have promoted the use of 
water absorption tests as an avenue to obtain improved 
properties of composites through the development of 
water-resistant or improved water-resistant composites. 
Now, a review of literature relating to orange 
peels/particles in composite development is given 
subsequently.  

Through a rigorous literature search on orange 
peels/particulate orange-based composite studies, it was 
discovered that there were sparse scientific reports on 
the employment of orange waste in any form 
(particulate, short fibre or long fibre) as reinforcements 
in the fabrication and development of polymer 
composite. Despite the appealing mechanical properties 
developed by scholars (Kumar, 2012, Aigbodion et al. 
2013), and in spite of the enviable properties of water 
absorption documented by an increasing number of 
studies (Ajibade et al. 2015b), the novelty of orange 
waste-based polymer composites, in terms of 
optimisation criteria, has not been well explored even till 
now. This gives the current authors a very serious 
concern, which urgently requires attention. The 
requirement for practical approaches to the effective 
utilisation of orange wastes into their various forms of 
particulates, short-fibres and long-fibres or whiskers was 
announced by early research workers on composite such 
as Acharya and workers (Ojha et al., 2012) as well as 
Aigbodion and co-workers (Aigbodion et al., 2013). This 
has motivated intensive efforts to understand the 
properties of orange peels (in particulates) as 
reinforcement to composites. Consequently, a growing 
literature on orange peels (in particulates), which sought 
to reveal understanding of the physical properties mainly 
was contributed by Ajibade et al. (2015 a, b) on different 
aspects as free swell behaviour, moisture characteristics 
and tapped density measurements.   

Furthermore, Abass (2015) studied the behaviour of 
orange composites from mechanical property 
perspective. It is interesting to note that the mechanical 
properties of orange peels were both pursued by Kumar 
(2012) and Abass (2015). The outstanding differences of 
the two studies were that while Kumar (2012) utilised 
epoxy as the matrix in the composite, Abass (2015) 
employed polyester resin as the matrix. Notably a higher 
percentage (20% reinforced orange peel epoxy 
composite) was obtained by Kumar (2012) as against 
10% reinforcement reported by Abass (2015) as the 
maximum hardness and tensile attainment points of the 
reinforcement in the composite. Despite the increasing 
interest of researchers on the many aspects of orange 
peels as reinforcing fillers for composites, the existence 
of approaches to aid in the optimisation of the filler 
content with the selection of appropriate scientific tool is 
still missing on literature. From this perspective, this 
investigation targets developing a practicality-oriented 
optimisation treatment of grey relational analysis 
through the optimal determination of water absorption 
properties of orange peel particulate composite. The use 
of 0.600 mm particulate size and 5% by volume of 
orange peel particle (OPP) in epoxy composite is made. 
Hence, investigations have been implemented to 
evaluate the water absorption behaviour of OPP-based 
epoxy composite in a controlled condition of laboratory. 
A total picture of water absorption has been presented 
through the conduct of laboratory tests using beakers and 
tap water to understand the mechanism of the water 
absorption and then carried out optimisation on the 
obtained results. 
 
2. Grey Relational Analysis (GRA) Optimisation 

Approach 

Optimisation is an event in which a gradual 
transformation to the calculation of the best solution 
from a problem is made through an adequate definition 
of the following components of an optimisation model: 
objective function, the process design variables as well 
as the system constraints. The computation of the best 
values would be in terms of minimum or maximum 
outcomes, depending on the optimising criterion. The 
objective function, usually the first to be stated, reflects 
the criterion upon which the experimental design 
function would be optimised. In this work, a typical 
example of the objective function is to minimise the 
water absorption of the OPP-based epoxy composite in 
water. This same objective could be formulated 
otherwise as the maximisation of water resistance of the 
OPP-based epoxy composite. These two objectives are 
equivalent as the water resistance index is the reciprocal 
of the water absorption factor. 

From literature, the solution to optimisation problem 
has been variously reported by using methods of 
mathematical programming, usually utilising well-
known tools of dynamic programming, integer 
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programming, or the simplest of the three, linear 
programming. An alternative to mathematical 
programming of ten employed in scientific engineering 
experimentation is the approximate methods. In as much 
as mathematical programming models could achieve 
optimal results, the complexity of applying this in 
several real-life situations is over-whelming, prompting 
the alternative usage of near-optimal solutions.  

These solutions, although not as equally good as the 
optimal solutions produced by mathematical 
programming models, still provide useful and reliable 
close solutions to the optimal ones while saving huge 
computation times. So the trade-off, resulting in the 
choice of near-optimal solutions of non-traditional 
techniques, being the term used for the alternatives to 
mathematical programming. In other words, the pursuit 
of searching for exact solutions to practical materials 
engineering problems has been overcome with 
alternative non-traditional techniques, which give out 
near-optimal outputs. So, in this work, the grey 
relational analysis has been exploited and introduced in 
solving the water absorption problem. It is interesting to 
note that equations concerning the grey relational 
analysis, as applied in this work and presented in the 
next section, were drawn from the classic works of Deng 
(1985, 1990, 1996), Fang and Liu (2003), and Tzeng et 
al. (2009). 
 

2.1. Normalisation 

Normalisation of data is done when the scale and unit of 
one data sequence may be at variance from another data 
sequence. It is important to normalise when the range of 
a sequence is wide and the orientations of the sequences 
are different. With the use of normalisation, the primary 
sequence is changed into a comparison sequence. 
Depending on the desired quality characteristic and data 
sequence, grey relational analysis uses various methods 
of normalisation. 

When the target value of primary sequence is 
minimal, then “the-lower-the-better” quality 
characteristic is used to normalise the primary sequence 
as follows (Tzeng et al., 2009): 
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If the target value of the primary sequence is 
immeasurable, then “the-higher-the-better” quality 
characteristic is preferred. The primary sequence is 
normalised using equation 2 (Tzeng et al., 2009): 
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Whenever a particular target is to be realised, the 
primary sequence can then be normalised using the 
equation 3 (Tzeng et al., 2009): 
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The primary sequence can also be normalised using 
the most basic methodology, i.e. dividing the quantity of 
the primary sequence with the quantity of the first 
sequence. 

)1(

)(
)(

)(

)(

*

O

j

O

j

j
y

qy
qy =                  (4) 

where )(
)(

qy
O

j
is the primary sequence, )(*

qy j
 is the 

sequence after normalisation, )(max
)(

qy
O

i
 is the highest 

value of )(
)(

qy
O

j
, )(min

)(
qy

O

j
is the lowest value of 

)(
)(

qy
O

j
. 

 

2.2 Grey Relational Coefficient (GRC) and Grey 

Relational Grade (GRG) 

Following the completion of normalisation of data, the 
GRC can be obtained from the normalised data 
sequences using the form Deng (1985, 1990, 1996): 
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where the divergence sequence of the specific sequence 
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 x  is the distinguishing coefficient, ]1,0[∈x . 

The grey relational grade (Deng, 1985, 1990, 1996; 
Fung, 2003) is obtained as average of the weighting sum 
of the grey relational coefficients. It is expressed 
mathematically as follows: 
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From the above expression, the grey relational grade 

),( **

0 jyyβ is used to denote the degree of relationship 

between the specific sequence and the comparison 
sequence. The quantity of grey relational grade (GRG) is 
obtained as 1, when the two sequences are identical. The 
GRG signifies the level of effect the comparison 
sequence could exercise over the specific sequence. 
Grey relational analysis (GRA) is used to know the 
degree of deviation of data between sequences and it 
may be employed to understand the extent of correlation 
in between sequences. Consequently, when the grey 
relational grade of a comparison sequence and specific 
sequence is more elevated than other GRGs, the 
particular comparison sequence is regarded as more 
valuable. 

 



O.A. Ajibade.et.al.: Optimisation of Water Absorption Properties of Orange Peel Particulate-based Epoxy Composite Using Grey Relational Analysis 28 

3. Materials and Methods 

The main components of the composite utilised for the 
epoxy-based orange peel particulates are the orange peel 
particulates, the epoxy as the matrix and hardener, which 
quickens the rate of reaction of the filler in epoxy 
matrix. Epoxy resin (Diglycidyl Bisphenol A) was 
sourced locally from CIBA chemical products in 
Germany through Tony Nigeria Enterprises. It was 
mixed with hardener in the ratio 1:0.7 to obtain 
improved harness and consistency throughout the 
composite. The principal purposes of utilising matrices 
in composite fabrications are on the intent of 
maintenance in position, stress transfer, barrier making 
and shield creating.  

Spelt out clearly, matrices continue to be used in 
composites in order to: (a) Hold the particulate 
agricultural wastes in fixed positions; (b) Reposition 
stresses from one particle to another (i.e. stress transfer); 
(c) Develop barriers that militate against unfavourable 
circumstances in terms of moisture as well as chemical 
attacks, among others; (d) Serve as a cover, shielding 
particulate surfaces against degradation due to abrasion 
in mechanical surface attacks; and (e) Play a load 
bearing/carrying capacity role in the composite 
structures. In choosing matrices, pre-knowledge of what 
the compressive strength, in-plane shearing properties as 
well as inter-laminar shearing properties of the 
composite to be fabricated should be known in advance.  

This would guide the proper choice of matrices and 
the cost of fabrication. From a lateral perspective, 
support is given by the matrix to work against particulate 
buckling effects via compressive load actions. Viewing 
from the perspective of torsion loads, the strength of the 
in-plane type is significant in structural design 
considerations with bending loads in perspective. For the 
orange peel particulate waste intended to be used for 
composite fabrications in agricultural silo structures, the 
interactive characteristics which exists between the 
epoxy matrix, for instance, and the particulate is 
necessary in the design of damage-tolerant agricultural 
silo structures. In working with the epoxy matrix, the 
processing characteristics such as the time for curing, 
viscosity as well as the curing temperature are essential 
parameters that must be controlled in line with the 
desired goals. The epoxy is a generally applied matrix 
material; more commonly used compared with other 
competing matrices of polyesters as well as vinyl 
polyesters, due to its easiness in processing since they 
have low viscosity. 

Orange peel wastes were sun dried to remove 
moisture before grinding for 12 passes in local grinding 
mills to produce orange peel particulates (OPPs). The 5 
% OPPs composite was prepared by using 5 % volume 
of one part mixture of epoxy and hardener as the volume 
of the OPPs. The combination was mixed thoroughly to 
obtain homogeneity before pouring into a prepared 
mould under room conditions. The mould was fastened 

with four G-clamps to ensure pressure and speed up the 
curing process. The clamps were released from the 
mould after the 24 hrs curing period and the resulting 
composite was carefully removed from the mould. 

The prime motivation for the choice of epoxy as the 
matrix lies in its superior dimensional stability. It has 
also been reported to have attractive thermal stability as 
well as an appealing corrosive resistance (Agunsoye et 

al., 2014). Hence, epoxy would be highly suitable for the 
applications in food storage (agricultural silos) and 
sporting equipment, among others. Orange peel particles 
are used as the filler material in view of its bio-
degradability, bio-waste, low density, low cost, 
abundance in availability at source, non-toxicity, it non-
hazards nature to users and abrasive nature in usage by 
processing equipment (Ajibade et al., 2016). The orange 
peel was obtained from the Akoka environment in 
Lagos, Nigeria.  

The initial form of collection of the orange peels 
was fresh from usage but it was later dried in open-air 
under the influence of sun until the moisture content was 
totally removed. After this, it was ground and served 
into various sizes, ranging from 0.075 to 2.12 mm. 
Characteristically known as a thermosetting polymer, 
epoxy exhibits a curing behaviour in association with 
hardener. This means that the epoxy polymerises and 
forms cross-link (Girisha, 2012a, b).  

The hand lay-up method of composite fabrication 
has been utilised in the current study. In this method, the 
liquid-state approach of creating composite material was 
embarked upon in which orange peel particles, referred 
to a dispersed phase, get mixed up with the epoxy matrix 
using mechanical stirring method. The liquid orange 
particle-based material is then smartly cast. The quality 
of the orange peel-based epoxy composite obtained, 
which will eventually influence the water absorption 
behaviour of the tested specimens will be strongly 
influenced by a number of factors as currently 
experienced in the composite literature, generally. These 
include the pouring temperature, which plays a 
significant determining role in the solidification mode of 
the composite materials. It also depends on the specific 
nature of the sporting equipment desired to be made or 
the other applications such as the agricultural silos as 
well as the household facilities such as interior design to 
be fabricated.  

The speed of pouring the liquid substance in the 
mould is a second factor determining the output quality 
of the composite being fabricated. The guiding principle 
at pouring is the urgent need to complete the composite 
casting to avoid the sluggishness of the poured liquid. 
However, the pouring speed should not be too high in 
order to avoid disorder and the final rejection of the cast 
product. But a slow pouring with calculated attempts at 
completing the casting process on time is the secret of 
high quality cast orange peel particulate based epoxy 
composite.  
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Third, the temperature of the mould is a key 
determinant of the output composite quality. This affects 
the refinement of the cast composite. The key variables 
of interest are the diffusion degree of the mould when 
subjected to pre-heating activities. The expansion of the 
mould is also of interest and this calls for a minimum 
thickness of the mould, which relates to the size as well 
as the weight of the cast orange peel-based epoxy 
composite. In the current work, the mould temperature 
has been taken at room temperature of 23oC and the 
humidity conditions. Thus, diffusion of the mould as 
well as the expansion issues are treated as being 
negligible sine the material for the mould is wood. 
However, it should be not noted that heat is generated in 
the casting process and interesting studies could be 
embarked upon to understand the responsiveness of 
moulds of different materials to the heat generated at the 
mould lining – liquid inter phase. The fourth factor is the 
coats on the inner parts of the mould. In the current work 
no coating has been done to the surface of the linings of 
the moulds. The fifth factor is the age of the mould. 
Here, in the current work. The mould is new, and 
optional quality of the orange peel particle based 
composite is expected from the influence of the age of 
mould on the output. 
 
4. Water Absorption Test 

Three samples of the pure epoxy and 5% OPPs with 
known initial masses were completely immersed into a 
beaker containing 100 ml of water. The final mass of 
each sample was monitored over nine periodic 
measurements by placing each sample in a Petri dish and 
weighing on a digital balance. The resulting weight gain 
was obtained by subtracting the initial mass from the 
newly measured mass. The values obtained from the 
experiment are organised into factors and levels as 
shown in Table 1. 
 
4.1 Design of Experiments 

Water absorption is usually measured in terms of weight 
gained by the material. Holtz and Gibbs’ free swell 

model uses initial volume, final volume and increase in 
volume, with the latter used to measure water 
absorption. Adopting the free swell model in this 
investigation, the water absorbed by the epoxy and its 
composites is affected by initial mass, final mass and 
weight gain, while the water absorbed is measured in 
percent (%). Consequently, the experiment was 
performed with three controllable 3-level factors and 
two output variables. The three parameters for the 
experiment are initial mass, final mass and weight gain, 
while the two output variables are water absorption and 
volume of solution.  

Conventional optimisation methods make use of one 
factor at a time approach. A full factorial design would 
require 33 = 27 experimental runs, which can be 
cumbersome and costly in terms of money, time and 
energy. A full factorial design or experiment entails the 
interaction of one factor with another, bearing in mind 
that each of the factors has different levels that describes 
them. Therefore, a full factorial experiment would 
involve the use of one factor at a time with another with 
their varying degrees of levels. Implementing this would 
be time consuming, expensive, cumbersome requiring a 
great deal of effort. Thus, the GRA adopts the Taguchi 
method’s orthogonal array. To this end, an L9 (33) 
orthogonal array is used to study the parameters for 
optimality.  
 

Table 1. Water absorption parameters and factor levels for pure 
epoxy and 5 % Orange peel particles (OPPs) composite 

Parameters 

Pure epoxy 

Levels 
Initial mass,  

Mi (g) 
Final mass,  

Mf (g)  
Weight gain,  

Wg (g) 

1 15.12 15.62 0.55 

2 18.47 19.25 0.88 

3 19.6 20.52 0.86 

5 % OPPs reinforced composite 

1 16.88 17.96 1.17 

2 18.12 19.66 1.55 

3 18.86 20.41 1.58 

 

 

Table 2. L9(3
3) Orthogonal array of experimental trials of water absorption and weight gain for pure epoxy and 5 % Orange peel particles 

(OPPs) composite 

Experimen
tal trial 

A 
(Initial mass) 

B 
(Final mass) 

C 
(Vol. of 

Solution) 

Pure epoxy 5 % OPPs composite 

Water 
absorption (%) 

Weight gain 
(g) 

Water 
absorption (%) 

Weight gain 
(g) 

1 1 1 1 0.44 2.48 0.8 4.45 

2 1 2 2 0.39 2.21 1.01 5.62 

3 1 3 3 0.67 3.75 1.44 8.01 

4 2 1 2 0.71 4.01 1.44 8 

5 2 2 3 0.82 4.68 1.59 8.84 

6 2 3 1 0.83 4.8 1.59 8.8 

7 3 1 3 0.9 5.25 1.53 8.55 

8 3 2 1 0.96 5.66 1.51 8.41 

9 3 3 2 0.88 5.12 1.61 9.01 
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5. Results and Discussion 

5.1 The Optimal Experimental Run 

In this investigation, the water absorption and weight 
gain have been adopted as target responses in Table 2 for 
the pure epoxy and 5 % OPPs composite. As the time of 
immersion of the materials in water increased, the 
amount of water absorbed in terms of weight gain also 
increases. Reduced water absorption is required of 
composites which may be employed in water-based 
applications in order to retain its dimensional and 
structural integrity. Thus, the data sequences of water 
absorption and weight gain are expected to have “the 
lower-the-better” quality characteristics. This means “the 
lower-the-better” methodology (Equation. 1) will be 
employed in normalising the data. The two output 

variables are set to be the specific sequence )(
)(

0 qy
O , q = 

1-2, while the results of the nine experiments are set to 

be the comparison sequence )(
)(

qy
O

j
, j = 1-9, q = 1-2. 

The sequences of the normalised data using Eqtn 1 are 
listed in Table 3 and are referred to as )(*

0 qy and 

)(*
qy j

for the specific and comparison sequences, 

respectively.  
The divergence sequence for the pure epoxy is 

given as follows: 

|)()1(|)1(
*

1

*

001 qyy −=∆ = | 1.00 – 0.9122| = 0.0878 

|)()2(|)2(
*

1

*

001 qyy −=∆ = | 1.00 – 0.9217| = 0.0783 

Therefore, =∆01
 (0.0878, 0.0783) 

The same mathematical operation was carried out for j = 
1 – 9 for the pure epoxy and 5 % OPPs composite and 

the results obtained for 01∆ (j= 1- 9) is shown by Table 

4. 
A careful look at the divergence sequences 

presented in Table 4 shows that the max∆ (q) and 

min∆ (q) for the pure epoxy can be obtained as follows: 

max∆ = 00.1)2()1( 0808 =∆=∆  

min∆ = 00.0)2()1( 0202 =∆=∆  

while for the 5 % OPPs composite, we have 

max∆  = 00.1)2()1( 0909 =∆=∆  

min∆ = 00.0)2()1( 0101 =∆=∆  

Table 3. Normalised data sequences for pure epoxy and 5 % OPPs composite 

 Pure epoxy 5 % OPPs composite 

Specific/Comparison Sequence Water absorption (%) Weight gain (g) Water absorption (%) Weight gain (g) 

Specific sequence 1.0000 1.0000 1.0000 1.0000 

Comparison sequence     

Experimental trial  1 0.9122 0.9217 1 1 

Experimental trial  2 1 1 0.7407 0.7434 

Experimental trial  3 0.5087 0.5536 0.2098 0.2192 

Experimental trial  4 0.4385 0.4782 0.2098 0.2214 

Experimental trial  5 0.2456 0.284 0.0246 0.0372 

Experimental trial  6 0.228 0.2492 0.0246 0.046 

Experimental trial  7 0.1052 0.1188 0.0987 0.1008 

Experimental trial  8 0 0 0.1234 0.1315 

Experimental trial  9 0.1403 0.1565 0 0 

 
 

Table 4. Divergence sequences of normalised data 

 Pure epoxy 5 % OPPs composite 

Divergence sequences )1(0 j∆  )2(0 j∆  )1(0 j∆  )2(0 j∆  

Experimental trial  1, j = 1 0.0878 0.0783 0 0 

Experimental trial  2,  j =2 0 0 0.2593 0.2566 

Experimental trial  3, j = 3 0.4913 0.4464 0.7902 0.7808 

Experimental trial  4, j = 4 0.5615 0.5218 0.7902 0.7786 

Experimental trial  5, j = 5 0.7544 0.716 0.9754 0.9628 

Experimental trial  6, j = 6 0.772 0.7508 0.9754 0.954 

Experimental trial  7, j = 7 0.8948 0.8812 0.9013 0.8992 

Experimental trial  8, j = 8 1 1 0.8766 0.8685 

Experimental trial  9, j = 9 0.8597 0.8435 1 1 

 
 
 

The distinguishing effect is taken into account in 
Equation (5) to obtain the grey relational coefficient. 
When the parameters are of equal weighting as in the 

current investigation, the x  is designated as 0.5 (Fung, 

2003). The obtained grey relational coefficient and grey 

relational grades for all the nine comparison sequences 
are described by Table 5. In addition to the use of the 
orthogonal array, GRA makes use of Taguchi’s response 
table to obtain the optimal grey grades from each 
parameter. This is done by arranging the grey grades 
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according to each factor level in the orthogonal array 
and finding their average. In column 1 of the orthogonal 
array, trials 1, 2, and 3 are the experimental trials at 
which parameter A is fixed at level 1. The grey grade for 
parameter A at level 1 is obtained by finding the average 
of the afore-mentioned grey grades. Therefore, the grey 
relational grade for A1 is given as: 

A1 = 1/3 (0.92325 + 1 + 0.6809) = 0.8681,  
A2 =  0.5976 and  
A3 = 0.5232  

The same mathematical operation was carried out 
for all other factor levels and the response table 
described by Table 6 was generated. Fung (2003) 
observed that a higher grey relational grade indicates a 
better correlation to the specific sequence. The specific 
sequence used in this investigation had “the-lower-
better” quality characteristics. As a result, the 
comparison sequence with the higher grey grade implies 
smaller water absorption and weight gain by the neat 
epoxy and its composites. On this basis, the highest grey 
grade is selected as the optimal grey grade (see Table 6).  

Table 5. Grey relational coefficient and grey grades for nine comparison sequences 

Experimental  
Trial 

Orthogonal array L9(3
3) Pure epoxy 5 % OPPs composite 

A B C 
Grey relational 

coefficient 
Grey 
grade 

Grey                    
relational coefficient 

Grey  
grade 

1 1 1 1 0.9192 0.9273 0.92325 1 1 1 

2 1 2 2 1 1 1 0.794 0.7957 0.79485 

3 1 3 3 0.6705 0.6913 0.6809 0.5585 0.5615 0.56 

4 2 1 2 0.6404 0.6571 0.64875 0.5585 0.5622 0.56035 

5 2 2 3 0.5699 0.5827 0.5763 0.5062 0.5094 0.5078 

6 2 3 1 0.5643 0.5711 0.5677 0.5062 0.5117 0.50895 

7 3 1 3 0.5277 0.5315 0.5296 0.5259 0.5265 0.5262 

8 3 2 1 0.5 0.5 0.5 0.5329 0.5351 0.534 

9 3 3 2 0.5377 0.5424 0.54005 0.5 0.5 0.5 

 
 

Table 6. Response table for pure epoxy and 5 % OPPs epoxy composite grey relational grades 

 Pure epoxy 5 % OPPs epoxy composite 

Levels 
Factors Factors 

A B C A B C 

1 0.8681* 0.7005* 0.66365 0.7850* 0.6955* 0.6810* 

2 0.5976 0.6921 0.7296* 0.5257 0.6122 0.6184 

3 0.5232 0.5962 0.5956 0.5201 0.5230 0.5313 

 

 

5.2 The Most Significant Factor 

The Taguchi method makes use of ANOVA to find 
the significant contribution of each parameter and their 
percentage contribution to the process under 
investigation. In this investigation, the parameter which 
exerts the greatest influence on the water absorption of 
the pure epoxy and its composite can be investigated 
directly using the grey relational analysis. By making the 
weight gain and water absorption of the nine 
experimental trials the primary sequences 

)()(
qy

O

WG
and )()(

qy
O

WA
, q= 1-2, while the values of factor 

level in the experimental trials are fixed as comparison 

sequences )()(
qy

O

A
, )()(

qy
O

B
and )()(

qy
O

C
, k=1-2 for the 

three parameters. The new set of data sequences are 
described by Table 7.  

Normalisation of the data was carried out using the 
initial value methodology (Equation 4), which produced 
new set of results described by Table 8. The divergence 
sequences were calculated using the same process in the 
preceding section. This was followed by substituting the 
divergence sequences and distinguishing coefficient into 
Equation (5) to compute the GRC. The GRG was 

obtained by finding the average GRC in equal 
weighting. Table 8 displays the GRC and grades for the 

specific sequences )()(
qy

O

WG
and )()(

qy
O

WA
as well as the 

comparison sequences )()(
qy

O

A
, )()(

qy
O

B
and )()(

qy
O

C
for 

the pure epoxy, while Table 8 shows the GRC and 

grades for the specific sequences )()(
qy

O

WG
and )()(

qy
O

WA
as 

well as the comparison sequences )()(
qy

O

A
, 

)()(
qy

O

B
and )()(

qy
O

C
for the epoxy composite.  

The optimisation was done through two main 
computer packages, namely the statistical software, 
Minitab 16, and the Microsoft Excel spreadsheet. First, 
Table 8 describes the factors and levels showing that it is 
a 3-factor, 3-level optimisation problem. The factors are 
the parameters involved in the experiment, while the 
levels describe the conditions of the parameters in the 
experimental process. Adopting Taguchi’s combination 
of factors and levels requires the use of an orthogonal 
array. The development of an orthogonal array was 
aided by the use of Minitab 16, which show options of 
various orthogonal array configurations. Thus, an L9 
orthogonal array was generated for this purpose.  
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Table 7. Normalised data sequences for pure epoxy and 5 % OPPs 

Experimental 
Trial 

Pure epoxy 

Comparison sequences Reference sequences 

A B C Weight gain Water absorption 

1 1.0000 1.0000 1.0000 1.0000 1.0000 

2 1.0000 1.2324 1.0372 0.8864 0.8911 

3 1.0000 1.3137 1.0483 1.5227 1.5121 

4 1.2216 1.0000 1.0372 1.6136 1.6169 

5 1.2216 1.2324 1.0483 1.8636 1.8871 

6 1.2216 1.3137 1.0000 1.8864 1.9355 

7 1.2963 1.0000 1.0483 2.0455 2.1169 

8 1.2963 1.2324 1.0000 2.1818 2.2823 

9 1.2963 1.3137 1.0372 2.0000 2.0645 

 5 % OPPs composite 

1 1.0000 1.0000 1.0000 1.0000 1.0000 

2 1.0000 1.0947 1.0487 1.2625 1.2629 

3 1.0000 1.1364 1.0867 1.8000 1.8000 

4 1.0735 1.0000 1.0487 1.8000 1.7978 

5 1.0735 1.0947 1.0867 1.9875 1.9865 

6 1.0735 1.1364 1.0000 1.9875 1.9775 

7 1.1173 1.0000 1.0867 1.9125 1.9213 

8 1.1173 1.0947 1.0000 1.8875 1.8899 

9 1.1173 1.1364 1.0487 2.0125 2.0247 

 

Table 8. Obtained grey relational coefficients and grey relational grades for pure epoxy and 5 % OPPs epoxy composite 

 Pure epoxy 

 Weight gain Water absorption 

Grey relational 
coefficient 

A 

(initial mass) 
B 

(final mass) 
C 

(vol. of solution) 
A 

(initial mass) 
B 

(final mass) 
C 

(vol. of solution) 

 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 

 0.7958 0.6017 0.7967 0.8190 0.5909 0.8144 

 0.4586 0.7144 0.5546 0.4904 0.7130 0.5802 

 0.5303 0.4600 0.5062 0.5549 0.4441 0.5251 

 0.4081 0.4530 0.4201 0.4256 0.4295 0.4332 

 0.3998 0.4772 0.3999 0.4085 0.4422 0.4067 

 0.3714 0.3333 0.3721 0.3753 0.3062 0.3749 

 0.3333 0.3550 0.3333 0.3333 0.3195 0.3333 

 0.3861 0.4323 0.3803 0.3908 0.3963 0.3843 

Grey relational grade 0.5204 0.5363 0.5292 0.5331 0.5157 0.5391 

 5 % OPPs epoxy composite 

 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 

 0.6352 0.7311 0.6809 0.6345 0.7324 0.6952 

 0.3636 0.4074 0.3901 0.3633 0.4097 0.4066 

 0.3861 0.3632 0.3778 0.3866 0.3660 0.3948 

 0.3333 0.3382 0.3362 0.3333 0.3405 0.3519 

 0.3333 0.3490 0.3160 0.3325 0.3538 0.3333 

 0.3649 0.3333 0.3559 0.3621 0.3333 0.3693 

 0.3724 0.3652 0.3395 0.3714 0.3668 0.3545 

 0.3380 0.3424 0.3213 0.3374 0.3415 0.3336 

Grey relational grade 0.4585 0.4700 0.4575 0.4579 0.4716 0.4710 

 
 

 

The normalisation of the data between the values of 
0 and 1, as required in the grey relational methodology 
were calculated by simple formula inputs using 
Equations 1, 6, 7, 8 and 9 with the Microsoft Excel 
spreadsheet package. 

In order to find the most significant factor for the 
water absorption of pure epoxy, the grey relational 
grades in Tables 9 are organised into matrix form in the 
following manner: 

( ) ( ) ( )
( ) ( ) ( )






=

CWA,BWA,AWA,

CWG,BWG,AWG,

βββ
βββ

β









=

5391.05157.05331.0

5292.05363.05204.0  

This gives 

Row 1 = ( ) ( ) ( )( )CWG,,BWG,,AWG, ββ   

= ( )5292.0,5363.0,5204.0  

Row 2 = ( ) ( ) ( )( )CWA,,BWA,,AWA, ββ  

= ( )5391.0,5157.0,5331.0  
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Col 1   = ( )( )A(WA,A),WG,β  = (0.5204, 0.5331) 

Col 2   = ( )( )B(WA,B),WG,β   = (0.5363, 0.5157) 

Col 3   = ( )( )C(WA,C),WG,β   = (0.5292, 0.5391) 

From the grey relational matrix for pure epoxy, Row 
1 as well as Row 2 indicate the quantities of the GRG for 
the controllable factors for water absorption of WA-type 
and WG-type, respectively. As a result, the level of 
influence which each of the controllable factors 
exercises on the output variables could be determined. 
Therefore, the maximum of Row 1 and Row 2 is picked 
as the response variable most easily influenced. Thus, 
we have max (Row 1, Row 2) = Row 2 = 

( ) ( ) ( )( )CWA,,BWA,,AWA, ββ = (0.5331, 0.5157, 

0.5391). This indicates that the specific sequence of 

water absorption properties WA-type )()(
qy

O

WA has a 

better specific sequence which also signifies that the 
output variable of WA-type has a better correlation to 
the controllable factors of the water absorption process 
than that of the WG-type. As a result, the water 
absorption parameter of WA-type was more easily 
influenced by the effect of the controllable factors than 
the WG-type.  

Another perspective to the GRG for the controllable 
factors A, B and C to the water absorption properties of 
WA-type and WG-type is described by Cols. 1, 2 and 3, 
respectively. In this way, the level of influence each 
parameter wields over the output variables can be 
determined. The maximum value of Cols. 1 to 3 
becomes the most influential controllable factor. Thus 
we have, max cols. (1, 2, 3) = Col 3 = 

( )( )C(WA,C),WG,β = (0.5292, 0.5391). This means the 

volume of solution )()(
qy

O

C
has the strongest comparison 

sequence among the water absorption parameters. In 
other words, the volume of solution has the highest 
correlation to the water absorption output variables of 
WG-type and WA-type. Therefore, the volume of 
solution is the most significant factor to the water 
absorption properties of the pure epoxy.  
      The comparison of Rows 1 and 2 revealed Row 2 as 
the most easily affected output variable. By checking 
every item in Row 2, we can estimate the level of 
influence each of the controllable factors has over the 
water absorption parameter of WA-type with respect to 
their grey relational grade. From Row 2, we have 

( )CWA,β > ( )AWA,β > ( )BWA,β . This translates to 

an order of importance for the properties of weight gain 
type C, A and B. For Row 1, we have 

( )BWG,β > ( )CWG,β > ( )AWG,β . The entire 

sequence of B, C and A was found to change. The most 
important factor to the water absorption parameters of 
pure epoxy WA-type is factor C, while the most 
important to the water absorption parameters of pure 
epoxy WA-type is factor B. The level of influence each 
of these factors exercises on the output variables can be 
viewed from Cols. 1, 2 and 3. It can be observed that the 

level of influence factor C exerts on the output variable 
WA-type is greater than the influence factor B exerts on 
the output variable WG-type.  

For the most significant factor in the water 
absorption of 5 % OPPs composite, the grey relational 
grades in Table 8 are grouped in the matrix form as 
follows:  

( ) ( ) ( )
( ) ( ) ( )






=

CWA,BWA,AWA,

CWG,BWG,AWG,

βββ
βββ

β









=

4710.04719.04579.0

4575.04700.04585.0
 

We have 

Row 1 = ( ) ( ) ( )( )CWG,,BWG,,AWG, ββ  

= ( )4575.0,4700.0,4585.0  

Row 2 = ( ) ( ) ( )( )CWA,,BWA,,AWA, ββ   

= ( )4710.0,4719.0,4579.0  

Col 1   = ( )( )A(WA,A),WG,β  = (0.4585, 0.4579) 

Col 2   = ( )( )B(WA,B),WG,β   = (0.4700, 0.4719) 

Col 3   = ( )( )C(WA,C),WG,β   = (0.4575, 0.4710)  

In the grey relational matrix for the 5 % OPPs 
epoxy composite, Row 1 and Row 2 show the values of 
the grey relational grade for the controllable factors of 
WG-type and WA-type, respectively. Therefore, the 
degree of influence on each of the controllable factor 
exerts could be found. The most easily affected output 
variable is the maximum of Row 1 and Row 2. This 
gives, max Rows(1, 2) = Row 2 = 

( ) ( ) ( )( )CWA,,BWA,,AWA, ββ = (0.4579, 0.4719, 

0.4710). Again, the specific sequence of water 

absorption properties of WA-type )()(
qy

O

WA
is considered 

as the preferred specific sequence which means the 
output variable of WA-type has a superior correlation to 
the controllable factors of the water absorption process 
of the 5 % epoxy composite than the WG-type. This 
implies that the WA-type was more affected by the 
influence of the controllable factors than the WG-type.  

The values of the grey relational grade for the 
controllable factors A,B and C to the water absorption 
parameters of WA-type and WG-type is considered as 
shown in Cols. 1, 2 and 3, respectively. This makes it 
possible to determine the level of influence each 
particular controllable factor exercises on the output 
variables. The most significant controllable factor is the 
maximum value of Cols. 1, 2 and 3. This gives, max 
Cols.(1, 2, 3) = Col 2 = ( )( )B(WA,B),WG,β = (0.4700, 

0.4719). This indicates the final volume )()(
qy

O

B
has the 

highest comparison sequence among the controllable 
factors, which means the final volume has the highest 
correlation to the water absorption output variables of 
WA-type WG-type. Therefore, the final mass is the most 
significant factor to the water absorption of the 5 % 
OPPs epoxy composite.  
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The comparison of rows 1 and 2 showed that WA-
type as the output variable is most affected by the 
controllable factors. By going through row 2, the level of 
influence each of the controllable factors brings to bear 
on the water absorption properties can be determined 
through their respective grey relational grade. From Row 

2, we have ( )BWA,β > ( )CWA,β > ( )AWA,β . The 

sequential order of importance of the controllable factors 
to water absorption properties of WA-type is given as B, 

C and A. In Row 1, it is > ( )AWG,β > ( )CWG,β . The 

sequential order of importance of the controllable factors 
to water absorption properties of WG-type becomes B, 
A and C. The position of factor B remained constant, 
while the sequence of factors A and C changed. The 
level of influence which factor B exercises as the most 
significant factor on water absorption properties of WG-
type and WA-type can be viewed from Col 2. In other 

words, ( )BWA,β  > ( )BWG,β shows that the water 

absorption properties of WA-type (output variable WA) 
was affected more by the final mass (factor B) compared 
to the water absorption properties of WG-type (output 
variable WG).  
 
6. Conclusions 

The optimisation of water absorption properties of pure 
epoxy and 5 % OPPs composite has been carried out in 
order to find the recommended levels the pure epoxy and 
5 % OPPs composite can perform optimally. The grey 
relational analysis was used to find the best experimental 
run and most significant factor for the pure epoxy and 5 
% OPPs epoxy composite by finding the strongest 
correlation among their sequences. Based on the 
foregoing, the following can be deduced. 
 
1) The optimal experimental run 

• The highest grey relational grade from each 
parameter was used to pick the optimal levels for the 
pure epoxy as A1B1 and C2. This can be interpreted as 
15.12 g initial mass, 15.62 g final mass and 0.88 g 
weight gain. 

• The highest grey relational grade from each 
parameter was used to identify the optimal levels for 
the 5 % OPPs epoxy composite as A1B1 and C1. This 
can be translated as 16.88 g initial mass, 17.96 g final 
mass and 1.17 g weight gain.  

 
2) The most significant factor (pure epoxy) 

• The WA-type has a higher correlation to the 
controllable factors of the water absorption process 
than the WG-type. This means the WA-type was 
more influenced by the effect of the controllable 
factors than the WG-type.  

• The volume of solution has the highest correlation to 
the water absorption output variables of WG-type 
and WA-type and is termed the most significant 

factor to the water absorption properties of the pure 
epoxy.  

• For the WA-type output variable, the sequential order 
of importance for the parameters is given as C, A and 
B, which is being interpreted as volume of solution, 
initial mass and final mass. 

• For the WG-type output variable, the sequential order 
of importance of the parameters was found to be B, C 
and A, which can be translated as final mass, volume 
of solution and initial mass. 

 
The most significant factor (5 % OPPs composite) 

• The output variable of the WA-type has a superior 
correlation to the controllable factors of the water 
absorption process of the 5 % OPPs composite than 
the WG-type. This implies that the WA-type was 
more affected by the influence of the controllable 
factors than the WG-type. 

• The final volume has the highest correlation to the 
water absorption output variables of WA-type and 
WG-type and is the most significant factor to the 
water absorption of the 5 % OPPs composite.  

• For the WA-type output variable, the sequential order 
of importance of the parameters is given as B, C and 
A which is interpreted as final mass, volume of 
solution and initial mass.  

• For the WG-type output variable, the sequential order 
of importance of the parameters is given as B, A and 
C, which can be read as final mass, initial mass and 
volume of solution.  
The implication of the test results is that the optimal 

parametric setting for the water absorption of pure epoxy 
and its OPP-epoxy composite revealed the best 
combination of factors that can attain the desired 
minimal water absorption in composites. This can be 
used to predict the water absorption behaviour of OPP-
epoxy composite on a large scale. 
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Abstract: An investigation on the friction coefficient and wear rate of carbon steel specimens with 0.05%C, 0.14%C, 

0.20%C, 0.346%C and 0.41%C, in contact with Titanium Nitride of PVD coating on a steel substrate was carried out under 

unlubricated conditions on a pin-on-disc tribometer. Experiments were conducted with the specimens in the form of a pin 

sliding against a TiN disc. Normal loads of 2, 5, 7 and 10 N, and sliding speeds of 15.33 and 7.67 cm/s were deployed as the 

operating variables. Variations of friction coefficient, wear rate and time to reach steady state friction were investigated at 

different sliding speeds and normal loads. Results obtained show that friction coefficient and wear rate vary with normal 

load, sliding speed and duration of rubbing. Friction coefficient decreased with increasing rubbing duration and decreasing 

sliding speed, while wear rate increased with increasing rubbing duration. In general, friction coefficient increased for a 

certain rubbing duration and after that it remained constant till the end of the experimental time. Results also show that in 

comparison, the specimen with higher carbon content had a better tribological behaviour. 

Keywords: Friction, wear rate, steady state friction time, carbon steels, Tribology, load 

 
1.  Introduction 

Friction and wear together with lubrication form the 
scientific discipline known as tribology. A major area of 
tribology is the design of materials and surfaces sliding 
and rolling against each other in such a way that friction 
and wear are minimized. By reducing friction and wear, 
many benefits, both economical and environmental, can 
be achieved in several technological fields of 
application. 

Owing to their relatively low material cost and good 
qualities such as good soft-magnetic properties, high 
strength, good corrosion and wear resistance, steels 
continue to gain wide use as prospective functional and 
structural materials (Tokaji, Kohyama and Akita, 2004). 
Carbon steels consisting of about four-fifths of the total 
tonnage of steel production are economical compared to 
alloy steels. These are extensively used as structural 
components and other engineering applications. 

Wear mechanisms are affected by many variables 
such as normal load applied on the material, sliding 
speed, sliding distance, surface geometry, surface 
hardness, roughness of operating surface, etc. 
Tribological behaviour of metals which are in sliding 
contact depends on these variables and thus results in 
change of wear rate (Devaraju and Elayaperumal, 2010). 
As a result of so many variables involved and for the 
fact that these variables are inter-dependable, 
controversies over the understanding of wear mechanism 
still exist. 

In most cases, wear rate is proportional to the 
normal load applied (Dhushyant et al., 2011). Kapil et 

al. (2013), in their study, showed that wear rate of steel 
304 increased with increasing load from 20N to 50N,  
carried out at different speeds. However, in Odi-Owei’s 
(1989) work, it was seen that there was greater wear 
activity under 319N for a carbon steel sample of 0.14 - 
0.20 %C when compared with its response under 636N. 

Podgornik et al. (1999) found that as the test load 
was increased, the coefficient of friction also increased, 
and increasing the sliding speed led to a considerable 
reduction in the coefficient of friction. On the contrary, 
Jia et al (2008) found that increasing the normal load 
caused a decrease in the coefficient of friction and wear 
rate of AISI 304 steel. Also, Autay et al. (2011) in their 
study concluded that increasing the normal load 
decreased the coefficient of friction. Friction may 
increase or decrease as a result of increased sliding 
velocity for different material combinations (Chowdhury 
et al., 2013). Zhu and Kelly (2004), in their work, 
reported that sliding speed strongly affected both the 
coefficient of friction and wear depth. These values 
increased with increase in sliding speed. 
 
2. Experimental Detail 

2.1 Materials and Specimens 

The carbon steel pin specimens used were machined out 
to a spherical base cylindrical dimension of 4.5mm in 
diameter and 8mm in length, using a lathe machine. 
They were further ground and polished with an emery 
cloth of WS FLEX 18, P-800, 789C 201 grading. The 
composition of the pins marked K, P, A, G and D are 
provided in Table 1. 
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Table 1. Composition of selected steels 

MARK Fe% C% Si% Mn% S% 

K 97.66 0.05 0.215 0.755 0.019 

P 97.66 0.14 0.215 0.755 0.019 

A 97.66 0.20 0.215 0.755 0.019 

G 98.45 0.346 0.302 0.538 0.042 

D 97.71 0.41 0.318 0.856 0.065 

 
 

The disc used in this study is a Titanium Nitride 
(TiN) of PVD coating (TiN thickness of 3 – 5 μm) on a 
steel substrate with diameter of 25mm and thickness of 5 
mm, as supplied with the pin-on-disc tribometer. 

 

2.2 Test Equipment and Procedure 

The pin-on-disc tribometer used for the study was 
designed for high precision measurement of friction, 
wear and lubrication. In the dry test of a solid-to-solid 
contact, sliding occurs between a static partner (sphere, 
pin or flat geometry) that is loaded onto a rotating disc 
with a precise known force. Alteration of the normal 
load, wear track diameter, test duration and rotating 
speed is possible, to suit test conditions. The general 
view and schematic diagram of the pin-on-disc 
tribometer are shown in Figure 1.  
 
 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1: General instrument view (A); and Schematic diagram of 

Pin-on-disc tribometer (B) 

 
The test parameters and ranges are given in Table 2. 

To perform the test, the pin specimen was cleaned with 
methylated spirit (isopropyl) and inserted into the pin 
holder which was mounted on a stiff cantilever arm of 
the tribometer designed as a frictionless force transducer. 
The disc was also secured in place with the disc holder. 
A linear speed of 15.33cm/s and the pin distance from 
the disc center were fixed. The number of laps to be 
covered during the experiment was also fixed. An initial 
load of 2N was used to start up the experiment which ran 
approximately up to 700 laps. The loads were later 
increased to 5N, 7N and 10N. As the disc was rotated, 
the resulting frictional forces acting between the pin and 
the disc were measured by very small deflections of the 
lever using an RVDT sensor.  

 

Table 2.   Technical Specifications of the Pin-on-disc Tribometer 

SPECIFICATIONS RANGES 

Normal load (dead weight/s) Up to 60 N 

Friction force Up to 10 N, optional 20 N 

Rotational speed (pin on disc) 
0.3 – 500 rev/min, optional 
1500 rev/min 

Linear speed 100mm/s 

Linear stroke 60mm 

Disc diameter Up to Ø 60 mm 

Torque 450 N-mm 

 
 

With the combined computer control and tribometer 
software which was based on an Instrum X interface, an 
on-screen real time monitoring of the frictional curve 
was displayed during the measurement process. A 
calibrated video camera was used to measure the worn 
diameter of the pin and wear rate of the pin specimen 
was calculated by the tribometer software. The rotating 
speed of the disc was later varied at a normal load of 
10N and at a constant distance of the pin from the center. 

 
3. Results and Discussion 

To know the effect of the load on the friction coefficient, 
each of the sample specimens was tested with normal 
loads from 2N to 10N at a linear speed of 15.33cm/s and 
the pin distance from the disc center was fixed. Typical 
friction data are presented in Figure 2. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 2: Sample D Coefficient of friction at 2N normal load 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3: Comparative friction coefficient of the pin samples 
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It was observed that values of the friction 
coefficient curves of the various pin samples were low at 
the initial stage of the rubbing, and increased as the 
rubbing continued to fairly stable values till the end of 
the test. However, friction tests over a wider range of 
sliding speed would be desirable to establish the 
response of friction to change in speed. The pin sample 
D had a more consistent least value of steady state 
friction coefficient from 0.40 to 0.45 under normal loads 
from 2N to 10N (see Figure 3). Also, sample D mostly 
attained steady state friction at a shorter period 
compared to other samples under the normal load 
applied. From Figure 4 below, as the carbon content 
increases, a possible trend of lesser time to approach 
steady state friction could be seen. Inconsistency in the 
trend from pin sample G and slightly from K was also 
observed. Lower values of steady state friction 
coefficient were observed over increased rubbing time 
and decreased sliding speed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Time to reach steady state friction value under different 

normal loads 

 
From the comparative wear rate curves of the 

samples in Figure 5, inconsistency in the wear rate of the 
pin samples was observed as the normal load increased. 
The wear rates for pin samples, K and P, increased as the 
load increased from 2N to 7N, and declined when 10N 
load was applied. Samples A and G revealed a decline in 
the wear rate for normal loads from 5N to 10N. In the 
case of pin sample D, wear rate was observed to increase 
as the load increased from 5N to 10N; it was also 
characterized by a lower wear rate, compared to other 
pin samples under 5N and 7N load.  

In comparing the wear rates of the samples at 
reduced speed of 7.65cm/s to its wear rate under same 
normal load of 10N at 15.3cm/s sliding speed, pin 
sample D was observed to have the least increase in 
wear rate, particularly below the 10N load. Sample A 
exhibited the worst wear rate within this range of load. 
When the tribometer speed was reduced from 15.3cm/s 
to 7.65cm/s sliding speed, more rubbing time was 
observed to complete the designated lap for the test. 

Also, an increase in the distance between the pin and the 
disc center leads to increased sliding distance. A wide 
range of sliding speeds would determine a more accurate 
wear behaviour with respect to speed. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 5: Comparative wear rates of the pin samples 

 
 

The SEM micrographs of the pin specimens A, D 
and K (before and after test) are shown in Figure 6. 
Initial examination of the surface after test indicates 
material transfer and ploughing. Further determination 
of the surfaces, using additional analytical equipment is 
planned, to reveal the mechanism and extent of 
deformation. It is evident, however, that samples A, D 
and K (in ascending order of attrition) exhibit greater 
wear.  
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6: The SEM micrographs of pin specimens A, D and K 

before and after test 

 
 

In comparing the behaviour of the different selected 
pin samples, it was needful to look at the one that 
exhibited lesser wearing ability, lower coefficient of 
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friction and short time to achieve steady state friction as 
the one that has preferable tribological behaviour in a 
sliding or rubbing contact. This is very relevant to 
engineering as selecting materials with preferable 
tribological behaviour in mating parts (like in machine 
design) would improve the performance of the machine. 

The influence of interfacial oxides, the transfer of 
chemically composed films, and related contact 
mechanisms (such as ploughing, adhesion, abrasion, 
fatigue), and corrosion may have played a possible role 
in the complex friction and wear process within the 
contact. Besides, surface-generated wear debris, their 
size and morphology and hardness presumably had an 
effect on the state of contact friction and wear, 
particularly as the tribo-pair run repeatedly over the 
same wear track during each condition of test. This 
would affect the period of running-in and steady state 
recovery of friction. Specific inferences cannot therefore 
be drawn from the data here, but the interrelationship 
between the complex elements of friction and wear 
phenomena (physico-chemical, mechanical, etc.) calls 
for a fundamental study of the contributive effect of 
these individual elements on friction and wear 
behaviour. 
 
4. Conclusion 

The operating variables such as normal applied load, 
sliding speed and sliding distance or rubbing time indeed 
considerably affect the friction coefficient and wear rates 
of carbon steels of 0.05%C, 0.14%C, 0.20%C, 0.346%C 
and 0.41%C. 

The time to reach steady state friction coefficient 
was incoherent as the normal load and carbon percentage 
increased. Friction coefficient varied with the sliding 
distance and became steady after certain duration of 
rubbing. It decreased with increasing sliding distance 
and decreasing sliding speed, while wear rate increased 
with increasing sliding distance. 

Specimen D with higher carbon content of 0.41%C 
maintained the least wear rate, attained steady state 
friction coefficient at the shortest period, and least 
friction coefficient under varying loads. Thus, it exhibits 
the most preferable tribological behaviour. 
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Abstract: In the developing twin-island republic of Trinidad and Tobago, located in the southern Caribbean which is a 

seismic region, at least two-thirds of the existing building stock comprises of single-story light unreinforced masonry (URM) 

residential structures prone to sliding and out-of-plane tilting instability. Trinidad and Tobago is the economic hub of the 

Caribbean hence losses due to failure of this type of construction will be catastrophic. Fragility functions of the structure for 

the various limit states describing damage are required to enable probabilistic seismic assessment of the country. This paper 

presents the fragility functions and their determination using incremental dynamic analysis implemented with the Zeus-NL 

computer program. 

Keywords: Fragility functions; unreinforced masonry; incremental dynamic analysis 

 
1.  Introduction 

Trinidad and Tobago is a developing twin-island 
republic in the southern Caribbean.  Preliminary seismic 
hazard analysis for the area indicates 0.2 second spectral 
acceleration values on the order of 0.5g to 1.1g for 
significant parts of Trinidad, and up to 1.4g for south-
west Tobago.  At least two-thirds of the existing building 
stock comprises of single-story unreinforced masonry 
(URM) residential structures where the type of URM is 
100mm thick clay tile, a relatively light unit, and the 
roof load is 0.3 to 0.5 kN/m2.   Therefore this situation 
inheres significant risk to the future development of 
Trinidad and Tobago.  As a mitigation effort, a 
rehabilitation design for individual structures was 
developed based on the use of overlays.  Recent 
technological developments, largely due to the 
performance-based design paradigm, enable 
probabilistic assessment of the structure before and after 
rehabilitation, or loss estimates of entire towns given 
certain scenarios, and hence can enhance the decision-
making process of the various stakeholders in ways 
unavailable before.    

Such seismic probabilistic assessment requires 
fragility functions of the structure.  Studies have been 
conducted in the past for URM structures and included 
in fragility function libraries, such as for the ATC-58 
loss estimation methodology (ATC, 2013).   In this case, 
the fragility functions are incorporated into an overall 
loss estimation methodology conceptually given by 
Equation (1), 

 v(DV) =  

 ∫∫∫ G <DV | DM> dG <DM | EDP> dG <EDP | IM> dλ (IM)  [1] 

This equation expresses the total probability 
theorem as conditional probabilities, each represented by 
an integral, which is a probability distribution function.  

The DV, DM, EDP and IM refer to a decision variable, 
damage measure, engineering demand parameter, and 
intensity measure, respectively. The vulnerability, 
sometimes called the fragility as in this paper, is the 
integral with respect to the EDP|IM. 

One of the more recent probabilistic and 
performance-based studies of URM buildings is by Wen 
et al (Wen et al, 2004).  Prior to the current probabilistic 
and performance-based paradigm, deterministic 
methodologies for the seismic evaluation of existing 
URM structures were developed for the collapse and life 
safety limit states.  Bruneau (Bruneau, 1993, 1994) 
presented a comprehensive review of these 
methodologies that are all substantially influenced by the 
ABK methodology (Kariotis, 1984), including the ASCE 
31 (Hom, 2003), which is one of the most recent.   

These probabilistic and deterministic methods are 
valuable, but the form of URM construction used in 
Trinidad and Tobago is quite different from other typical 
URM structures used worldwide.  It is based on more 
slender and light load-bearing walls without stiffening in 
the out-of-plane direction by cross-walls because of 
inadequate wall-to-wall connections.  The low weight of 
the walls and the low bearing stresses precludes the 
favorable rocking response.  Therefore the walls' 
behavior is vastly dominated by in-plane sliding and out-
of-plane deflection at the top herein referred to as tilting 
dynamic instability.  These factors suggest that the 
structure may be more vulnerable than other more 
typical forms of URM construction used worldwide.   

This paper presents the results of fragility analyses 
of the typical single-storey residential structure of 
Trinidad and Tobago and the resulting fragility 
functions.  The fragility functions can then be used in 
probabilistic frameworks that are expected to be adopted 
for developing risk analysis tools for Caribbean 
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application.  The type of fragility analysis undertaken is 
the Incremental Dynamic Analysis (IDA) method 
(Vamvatsikos, 2002), also known as dynamic pushover 
analysis. 
 
2. Seismic Fragility Analysis 

In the context of earthquake structural engineering, 
fragility is the probability of exceeding a damage state as 
a function of an intensity measure (IM) of the ground 
shaking.  This implies the need to obtain the statistics of 
the damage of the structure in recognition of the fact that 
no two earthquake ground motion records have the same 
effect on the structure even if the peak ground 
accelerations are the same. Moreover, no two structures 
have exactly the same material properties and this is due 
to differences in dimensions and manufacturing. The 
former is the record-to-record variation or aleatory 
uncertainty, and the latter is the epistemic uncertainty. In 
this study, only aleatory uncertainty was considered.   

There are various methods for obtaining the damage 
statistics ranging from methods based on engineering 
judgment, to analytical methods.  The most popular 
analytical methods of fragility analysis are IDA, the 
Latin Hypercube method, and the Response Surface 
method. In this study, the IDA method was used because 
it is well-supported by the building code developers of 
the U.S.A, which is the basis of modern Caribbean 
building codes; and because of the existence of software 
that readily facilitates IDA.  The overall procedure for 
implementing IDA and the specific selections for this 
study are: 
1. Select at least 7 accelerograms.  Each accelerogram 

must be independent of the earthquake’s M and R, 
and not have directionality effects.  In this study ten 
ground motion far-field records from the PEER 
Strong Motion Database (PEER, 2009) were 
arbitrarily selected and their characteristics are 
shown in Table 1.  Each of these was used to derive 
an artificial accelerogram that is compatible with the 
IBC 2009 design acceleration response spectrum for 
Site Class D, and using the Ss and S1 2%/50-year 

maps of the Seismic Research Center of The 
University of the West Indies, for a site located in 
the capital city of Port-of-Spain.  The artificial 
accelerograms were calculated using the Kumar 
algorithm and Spec3 software (Kumar, 2006).  

2. Select an intensity measure (IM).  The spectral 
acceleration for the first mode shape at 5% critical 
damping (i.e. Sa(T1,5%)), is commonly used and 
was used for this study as it is thought to require a 
minimum of ground motion records for the same 
confidence level (Shome, 1998).   

3. Select a range of values for Sa to cover the range of 
damage under investigation. For this study, an 
eigenvalue analysis of the structure indicated a first 
mode period of 0.785 sec.  From the design 
spectrum, this implies a Sa of 4.479 m/s2.  Since the 
ground motion records are spectrum-compatible, 
this corresponds to a scale factor (SF) of unity.  The 
accelerograms were then scaled from an SF of 0.3, 
to an SF of 7.2, in increments of 0.3.  Therefore the 
Sa range from 0.138g to 3.287g and there are 24 
points per pushover curve. 

4. Select the damage states (DS) of interest and a 
corresponding engineering demand parameter 
(EDP).  In this study, the DS are: slight damage 
(SD), moderate damage (MD), extensive damage 
(ED), and complete damage (CD), and tilting or out-
of-plane dynamic instability (DI).  The EDP used in 
this study is the drift of the structure and the values 
corresponding to the DS are 0.3%, 0.5%, 1.5%, and 
3.5%, respectively.  These values are those defined 
by HAZUS-MH MR4 (DHS, 2003) for the “low-
code” case.  The displacement capacity, xc, at the 
onset of DI  was derived by Priestley (Priestley, 
1985) using an energy approach,  

         xc = b(P + W)/ [ 2P + W]   (2) 

where b is the wall thickness, and P and W are the 
bearing load and self-weight on the wall element, 
respectively. 

 

Table 1. Earthquakes for Ground Record 

Earthquake File Event Name Magnitude PGA(g) Distance(km) 

CPE147 Imperial Valley 79 6.9 0.169 26.5 

CPE237 Imperial Valley 79 6.9 0.157 26.5 

DSP000 Landers 92 4.4 0.171 23.2 

DSP090 Landers 92 7.4 0.154 23.2 

JOS000 Landers 92 7.4 0.274 11.6 

JOS090 Landers 92 7.4 0.284 11.6 

MV000 Landers 92 7.4 0.188 19.3 

MV090 Landers 92 6.5 0.140 19.3 

NPS000 Landers 92 7.3 0.136 24.2 

PT315 Imperial Valley 79 7.4 0.204 14.2 
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1. Model the structure for nonlinear dynamic analysis 
and perform the analysis and note the peak drift 
from each analysis.  This is done for each of the 10 
accelerograms, for each value of Sa in the range 
from 0.138g to 3.287g, and in each principal 
direction of the structure.   Hence in this study, there 
was a total of 480 analyses (i.e. 24 Sa points per 
pushover curve x 10 accelerograms x 2 directions).  
The structural model is presented in greater detail in 
the next section.  For each run, a wall element was 
selected in each orthogonal direction to monitor the 
lateral displacement, hence this represents the 
structure’s in-plane performance.  This was also 
done for the out-of-plane response.  The lower of 
the two Sa values for each run is then used for each 
of the four lognormal functions of the four in-plane 
limit states, and likewise for the limit state of 
dynamic instability in the out-of-plane direction.  
This approach is deemed adequate as the intended 
application of the fragility functions is for regional 
loss estimation and not building-specific evaluation. 

2. From the results, plot the pushover curves for each 
accelerogram.  Hence there are a total of 20 curves 
in this case (i.e. 10 accelerograms x 2 directions). 

3. Determine, by interpolation, the Sa value 
corresponding to the drift associated with each DS.  
Hence there are 20 data points per DS.  These 20 
data points per DS are the distribution of Sa values 
giving the same level of damage and being a 
distribution, the fragility can be determined.    

4. For each DS, model the distribution as lognormal 
and calculate the parameters.  The fragility function 
can be represented by the 2-parameter lognormal 
CDF, Φ (Cornell et al, 2002), where Φ is the usual 
cumulative distribution function of the standard 
normal distribution.  Therefore, the 2 parameters are 
the mean of the ln (IM), λ, and the standard 
deviation, ξ, of the ln (IM). Hence, Fragility ≡ 
Probability of exceeding DS = P (≤ DS) = Φ [(ln 
(IM) – λ) / ξ]. 
To obtain the data points required for the statistical 

analysis, the Z-Beer utility of Zeus-NL computer 
(Elnashi, 2009) was used. 
 

3. Structural Model 

The typical form of construction of the single-story 
residential structures is of walls comprised of clay tile 
masonry units for both the load-bearing and the internal 
partition walls.  These units are manufactured in 
accordance with ASTM C34-10 (ASTM, 2010) and used 
with the cells in the horizontal orientation.  The clay tile 
unit is 200 mm high by 300 mm long by 100 mm thick, 
with web and shell thicknesses of approximately 8 mm.  
The unit weighs 5.5 kg, and has a compressive strength 
(average of 5 units), of approximately 3.5 MPa.   

Figure 1 shows the layout of the typical residential 

structure.  It has a rectangular plan, 9.0 m wide by 11.0 
m long and the story height from ground level to the top 
of the walls is 2.4 m.  The roof is gable shaped(though 
sometimes hipped) of slope 22 to 30 degrees from the 
horizontal. It is comprised of galvanized steel corrugated 
sheeting supported by 50 mm by 100 mm timber 
secondary beams, or 100 mm cold-steel Z-purlins. In 
either case the spacing of these beams is approximately 
1.0 m.   

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Structure Layout 

 
These secondary beams are supported by 150 mm 

deep by 50 mm timber main beams (rafters) at a spacing 
of 0.6 m to 1.2 m, or rolled I-section structural beams of 
100 mm or 150 mm depth at a spacing dependant on the 
beam used.  The main beams are supported by the wall 
by directly bearing on it (i.e. hangers are not used).  If 
the main beam is of timber, at the top of the wall is a 100 
mm by 100 mm timber element to which the beam is 
attached via one of a number of methods including bent-
over steel rebar, or hurricane straps.  If the main beam is 
structural steel, various methods are used for connection 
to the wall including short steel columns.  In the former 
case, the 100 mm by 100 mm timber element is bolted to 
a reinforced concrete (RC) beam that is cast over the 
masonry wall below.  “Blocking” between the main 
beams, thus forming a continuous chord on the edge of 
the roof along the load-bearing walls, is not used.   

In the case of the steel beam and short column, the 
latter is bolted to or anchored in the RC beam.  The RC 
beam is 300 mm deep by 125 mm wide and contains 2 
no. 12 mm mild steel rebar at top and bottom, and 6 mm 
mild steel 2-leg closed stirrups at 250 mm spacing.  The 
RC beam is called a “ring beam” or a “belt beam” since 
it connects the perimeter walls.  The perimeter walls in 
the long-direction are gravity load-bearing, but in the 
other direction above the ring beam the space is enclosed 
using the same clay tile masonry units, thus making a 
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triangular shape in the gable-end, without anchorage to 
the ring beam.  The total roof weight is typically in the 
range 0.3 to 0.5 kN/m2 and the wall weighs 
approximately 3.9 kN/m.   

In firm soils, the foundation for the perimeter walls 
consists of RC wall footings 0.6 m wide by 0.25 m deep 
with 150 mm thick reinforced masonry forming a short 
stem.  In soft soils, 4.0 m long and 300 mm diameter 
bored RC piles are used at a 3.0 m spacing.  The internal 
flooring is a RC slab-on-grade 100 mm thick and 
reinforced with fabric reinforcement, typically142 
mm2/m.  The slab areas below internal partition walls are 
often thickened.  For all concrete work the concrete is 
typically of a 28-day compressive strength of 21 MPa.  
The internal partition walls are connected to the load-
bearing external walls by the practice of “toothing” the 
former into the latter, and not by laying-up the walls 
simultaneously.  At the corners of the perimeter walls, 
sometimes the walls are tied using 6 mm mild steel rods 
in the mortar joints, at various vertical spacings.   

The lateral load resisting structural system of the 
structure as described above can therefore be classified 
as a box system of unreinforced masonry (URM) shear 
walls.  URM shear wall structures are acknowledged to 
have four fundamental possible modes of response in the 
in-plane direction – flexural leading to toe compression 
failure, shear leading to diagonal tension failure, 
rocking, and sliding.  The actual response is frequently a 
combination of these modes and the level of bearing 
stress on the wall is a very significant factor determining 
which mode will dominate the response.  In the out-of-
plane direction, after formation of a horizontal through-
wall crack at the base, depending on the level of bearing 
stress, a stable rocking response is possible.  However, 
there is a level of lateral displacement beyond which 
failure by dynamic instability will likely occur. 

Given the description of the structure, and 
considering experimental observations of the in-plane 
response of a prototype of the wall (Clarke, 1998), the 
following presumptions regarding its behavior hence 
structural modeling is made: 
1. Under significant lateral load the “toothed” 

connection of the internal to external walls will 
cause a vertical line of weakness in the external 
walls and separate them into a set of vertical 
elements, from ground level to the top of the wall, 
interconnected at the top by the ring beam.  Pier 
regions at the sides of openings in the walls are also 
modeled in this manner since it is typically the case 
that one vertical edge of a pier coincides with an 
internal partition. 

2. The bearing stress on any wall element and its self-
weight are sufficiently low that any element loaded 
in-plane will respond in the sliding mode only. 

3. The in-plane load-displacement response is 
nonlinear and assumed to be of elastic-perfectly 
plastic form with sliding occurring after the elastic 
phase. 

4. A wall element deforms linearly and elastically 
before and during sliding.   

5. A wall element also displaces in the out-of-plane 
direction with the maximum displacement over the 
height occurring at the top of the element. 
For maximum efficiency using a 3-dimsional 

analysis, a “fiber model” form of the finite element 
method (FEM) can be used for the structural modeling 
of the house for dynamic analysis.  In such a model, 
specific element types are considered (e.g. beams, 
columns, etc), the constituents of a section of an element 
are defined, and the mechanical properties determined 
by integrating over the section.  The Zeus-NL computer 
program for the inelastic dynamic analysis of structures 
by Elnashi et al of the Mid-America Earthquake Center 
(Elnashi, 2009), was used.  In Zeus-NL, material 
nonlinearity is implemented by using the nonlinear 
stress-strain relations of possible constituents, and joint 
elements are available which further enable simulation 
of nonlinear behavior at interfaces.   

Therefore, in this study, each wall element was 
modeled in Zeus-NL as an elastic column, and at each 
wall-to-support interface, a joint element was used to 
simulate the nonlinear sliding, given point 3 above.  The 
clay unit wall modulus was taken as 3400 MPa based on 
the recommendations of ASCE 41-06 (ASCE, 2007).  A 
solid wall section was assumed rather than determining 
an equivalent but smaller section to account for the 
voids.  For the joint element, the stress to initiate sliding 
was taken as 0.13 MPa, with an initial stiffness of 10.7 
kN/mm reducing to an arbitrarily small amount 
thereafter (Clarke, 1998).  These values correspond to 
those for a 2.4 m long wall and are therefore 
conservatively used for all the walls, in any translational 
direction.  With respect to rotational degrees of freedom 
at a joint element, these are given arbitrarily large 
stiffness values.   

Although the roof is flexible, as its connection to a 
wall lacks a continuous chord to which the main beams 
are well anchored, it cannot act like a diaphragm.  Its 
effect on the supporting wall is therefore merely to 
provide a bearing load without pushing under the 
earthquake load by flexural action in the out-of-plane 
direction.  To account for the distribution of the inertial 
forces on the structure in the dynamic analysis under 
ground motion, a mass was lumped at the top of each 
element, coinciding with its top node, and of value 
determined by considering the tributary roof weight, the 
wall element’s weight, and the tributary lengths of the of 
RC ring beam at both sides of the element.   Since a 
typical wall element is connected to a joint element, in 
turn connected to the support node, the latter is modeled 
as fixed with respect to translation and rotation about the 
3 axes.  Figure 2 shows the essential elements of the 
physical model of the structure.   
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Figure 2. Main Structural Elements 

 
Note that the corner column in the porch area is 

omitted as it is structurally insignificant under an 
earthquake.  Figs. 3 and 4 are of the structural model in 
Zeus-NL, and the modeling of a typical wall element, 
respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Zeus Model of Structure 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

Figure 4. Structural Model of Wall Element 

4. Results and Discussion 

Table 2 shows the parameter values of each fragility 
curve. Figure 5 shows the five fragility curves for the 
single-story URM structure. Though not presented in 
this paper, in general the shorter direction of the house is 
more susceptible to damage, which is typical.  However, 
as is observed for a given Sa, the exceedence probability 
is higher for the DI limit state than for the ED and CD 
limit states indicating that the structure will likely 
collapse in this mode before the walls experience 
substantial damage in the in-plane direction.  The 
physical reason for this occurrence is that as the walls 
that fail in the out-of-plane direction are very slender 
and flexible, and have no cross-walls to stiffen the 
response, they more easily reach the limit of dynamic 
stability before the in-plane walls, to which they transfer 
shear via the “ring beam”, can respond significantly.    
 

Table 2. Parameters of Lognornal Fragility Curves 

Limit State µ In Sa Σ In Sa 

Minor Damage -2.14215 0.954529 

Moderate Damage -1.56825 0.829976 

Extensive Damage -0.11028 0.50836 

Complete Damage 1.147436 0.303178 

Dynamic Instability -1.34405 0.826642 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5. Fragility Curves 

 
 

When this occurs, it is likely that the wall elements 
in the out-of-plane direction will physically disengage 
from the structure and fall out.  That is, on-going from 
near the middle of the long direction of the structure 
towards the ends of walls, the inner elements displace 
more and will fall out first.  However, all the elements 
on those sides also support the roof and the “ring beam” 
so the roof, hence entire structure, will likely physically 
collapse subsequent to the progressive fallout of the out-
of-plane walls due to dynamic instability. 

This occurrence is unlikely for other more 
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commonplace forms of URM construction used outside 
of Trinidad and Tobago because, assuming sufficient 
cross-walls to limit the pushing of the flexible 
diaphragm, these cross-walls also remain sufficiently 
effective in stiffening the out-of-plane response, that 
significant damage to the structure, and risk of collapse, 
is more likely for the walls in the transverse direction of 
the structure.  The out-of-plane response of the walls is 
then only susceptible to the lateral vibration of its 
distributed mass as a two-way spanning panel, 
depending on the edge conditions. This mode of 
response is simply not possible with the Trinidad and 
Tobago construction resulting in the fragility curves (see 
Figure 5). 

The DI limit state dominates the fragility of the 
structure to such an extent, that the CD in-plane response 
limit state remains unlikely.  Interestingly, the Sa values 
for the ED and CD limit states (if the DI limit could be 
prevented from occurring) are relatively high.  This is 
due to the principal response mechanism of sliding for 
the in-plane walls, which is a form of base isolation. 

The results indicate that this URM structural system 
is a special case particularly in need of rehabilitation.  
Given its prevalence in Trinidad and Tobago, this 
indicates a significant threat of large scale economic loss 
to a developing country which also plays a major role in 
the economics of the Caribbean as a whole. 
 
6. Conclusions 

From this study on the fragility of typical single-story 
URM residential structures in Trinidad and Tobago, the 
analytically derived lognormal fragility curves and their 
parameters are as presented in Figure 5 and Table 2, 
respectively. The curves indicate a particular 
susceptibility to failure by dynamic instability in the out-
of-plane direction due to the high flexibility and 
slenderness of the walls, and the low bearing stress 
imparted by the roof structure and wall self-weight. 

Given its prevalence in Trinidad and Tobago, this 
represents a significant threat of large scale economic 
loss to this developing country, with possible fall-out for 
the Caribbean as Trinidad and Tobago plays a major role 
in the economics of the Caribbean. Moreover, the 
fragility curves presented herein can be used as part of 
seismic risk assessment of the Caribbean to provide 
justification for rehabilitation proposals. 
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Abstract: In 2007, some Trinidad and Tobago (T&T) farmers were provided financial support to purchase some protected 

environment agriculture structures (greenhouses) but some of them were later abandoned while some are still in operation.  A 

survey was conducted to investigate the problems faced by farmers who operated some of these greenhouses. The major problems 

discovered from this survey were that temperatures were high and ventilation was poor, the overall design of the structures 

was not suited to the local climate and the structures were costly. While pests and diseases were not found in all structures, 

where existent, they led to other issues. Alterations to the existing typical greenhouse design in T&T in terms of changing the 

structural design and materials were suggested based on the options available for improving greenhouse structures 

described in previous studies.  The typical greenhouse design as well as the suggested modifications were modeled and 

evaluated. These designs were simulated using average climatic conditions.  The elements of climatic conditions were 

temperature, relative humidity and wind speed and flow trajectory. It was found that by changing both the materials used 

and the structure and orientation of the typical greenhouse in T&T, all of the problems listed above, except cost, could be 

minimised. 

Keywords: Greenhouse, structure, survey, materials, Trinidad and Tobago 

 
1.  Introduction 

Trinidad and Tobago’s food import bill is approximately 
US$ 0.6 billion per annum (Flemming et al., 2015). 

There is an urgent need to find ways to improve local 
agricultural practices, to increase food production to 
reduce this expenditure. There is need to search for 
methods that not only include ways to improve crop 
yield and extend growing seasons, but also protect local 
agricultural practices from harsh weather conditions, 
pests and diseases. Protected agriculture environment 
systems will ensure food security, if it is implemented 
and followed through intelligently. Protected Agriculture 
(PA) is defined as “the modification of the natural 
environment to achieve optimum plant growth” (Jensen 
and Malter, 1995).   

In general, greenhouses are environments which can 
be controlled to a much higher degree than outdoor 
fields. Temperature, light, air humidity, water supply 
and carbon dioxide in the air can be regulated by the 
grower. In some modern greenhouses, even the access of 
pests and pathogens can be restricted or prevented 
(EGTOP, 2013).  Modifications, such as controlling light 
and temperature, can be done to the aerial environment; 
whereas, plant nutrition can be controlled by alteration 
to the root environment. Through the improvements to 
PA, it has become possible to produce food in more 
barren regions of the world and to yield crops when they 

are not typically in their growing season (Jensen and 
Malter, 1995).   

Moreover, PA improves the quality of plants and 
reduces the amount of chemicals needed (pesticides, 
insecticides) making them, overall, healthier. The system 
is a modern way of farming that is more likely to be 
attractive to young people and thus stimulate growth in 
the agricultural sector.  

Protected agriculture environment systems have to 
be designed differently for dissimilar areas based on the 
climatic conditions or their locations (Pack and Mehta, 
2012). This is to ensure that structures are fitted to their 
local environments.  Changing the design of the 
structure, the materials used to build them, and even the 
practices used in them, can improve our current PA 
systems.  

In 2007, a collaborative approach between National 
Agro-Chemicals Limited (NACL), the Agricultural 
Development Bank (ADB), National Agricultural 
Marketing and Development Company (NAMDEVCO) 
and the Business Development Corporation (BDC) 
produced a financial, marketing, and technical support 
package for Trinidad and Tobago nationals interested in 
greenhouse production (Martin et al., 2008). Many of 
these greenhouses failed and the reasons for this failure 
need to be investigated.  Many of these failed structures 
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still stand but are not maintained. There is the need to 
examine the possibility of rejuvenating them.   

This paper reports the survey of 24 of the existing 

greenhouses in T&T aimed at finding the problems faced 

by the farmers who operated these structures.  A 

literature review of innovative features and practices for 

PA structures was undertaken and findings from this 

review were utilised in suggesting changes to the 

original design of the greenhouses.  The original design 

and the suggested changes were modelled and simulated 

under climatic conditions specific to T&T to decide if 

these designs are applicable locally in the hopes of 

avoiding past mistakes and predicting the future use of 

PA structures locally. 

 
2. Major Structures of Greenhouses Worldwide 

There are several major types of greenhouses used 
worldwide. These include the Quonset, Gothic arch, 
Tunnel shade houses and Gable roof. Table 1 shows that 
the greenhouses that are common in countries that make 
extensive use of greenhouses- Israel, Spain and Cuba.  
House and Lynch (2016) described the Quonset as 
dome-shaped (see Figure 1). The greenhouse provides 
optimal sun entrance especially on hillsides. It 
maximises heating from the sun and is cheaper to build 
than other types of greenhouses. Its covering, however, 
rips easily and needs to be replaced more often than 
most other structures. These greenhouses are similar to 
the tunnel houses (see Figure 2) when some of the walls 
are removed. 

 

Table 1. Characteristics of some country's greenhouse design models 

Characteristics Israel – Orgil Greenhouses (2016)  Spain – Huete (2015) Cuba – GBM Inc. (2016) 

Regulations followed  Not specified.  UNE-EN ISO 9001:2000  ISO 9001:2008  

Types of greenhouses 
constructed  

Shade houses, Tunnels, Quonsets.  Gothic Arch, Tunnel, Shade houses, 
Glass houses.  

Tunnel and Shade houses, Quonsets, 
Gable roof.  

Dimensions of largest 
structures (m) 

12  x 4  12.8  x 9.7  Not specified.  

Cover Materials  Shade nets, poly film, insect nets.  Plastic film, semi rigid materials, 
Glass, Galvanized-Steel.  

Polyethylene, anti-insect side walls.  

Structural Materials  Galvanized steel frames.  Aluminium, Steel-Aluminium, Steel.  Galvanized steel structures, Steel 
pipes and cables.  

General Advantages  Protection from insects, hail, 
excessive sun exposure, 
inexpensive.  

Resistance to strong winds, easy 
installation.  

Easy assembly, economical, 
protection from high amounts of 
solar radiation.  

Roof design  Split roof ventilation, Rack and 
Pinion openings.  

Flat roofs, Mobile cover system, 
split roof (vents), butterfly vents.  

Butterfly vents, Split roofs.  

External entities  Not specified.  Polytechnic University of Cartagena, 
Technological Centre of the Metal.  

Azrom Agricultural International.  

Wind resistance 
capabilities (km/hr) 

120-150  Not specified.  120-180  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. A Quonset Greenhouse (left: note side walls) 
Source: CFAHR (2011) 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 2. Tunnel house (right: note no side walls) 
Source: Gardener (2013) 
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According to Clovis Lande Associates (1985), 
Gothic arch greenhouses have a cathedral arch-forward 
style that eliminates truss supports, requiring less 
material for construction (see Figure 3). These 
greenhouses have a peak or apex that taper down to 
curved walls, enabling condensation, runoff and heat 
conservation due to limited exposure to the sun. They 
are stronger than Quonset and tunnel houses, and have 
the ability to resist crosswinds by interrupting airflow 
over the structure and reducing uplift. This type of 
greenhouse is, however, more difficult to construct.  
Better Greenhouses (2016) described the gabled roof 
greenhouses or rigid frame greenhouses as having 
vertical walls on all four sides, together with a gabled 
roof (see Figure 4). This greenhouse design utilises glass 
or rigid plastic panels for the transparent material and is 
a more permanent structure, as it is generally built to 
last. It offers the most spacious volumes which is 
especially good for tall plants like sweet peppers and 
tomatoes. It is, however, very costly and very difficult to 
construct. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. A Gothic Arch Greenhouse. 
Source: Sunshine (2013) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. A Gable Roof Greenhouse 
Source: Better Greenhouses (2016) 

A type of greenhouse which is commonly used 
locally is the Quonset one with split-roof (see Figure 5).  
This design was tested and recommended for local use 
by the Caribbean Agricultural Research and 
Development Institute, CARDI.  de Gannes et al. (2014), 
working for CARDI, wrote a tropical greenhouse 
growers manual for the Caribbean.  The manual 
describes the Split-gable and Split-arch designs, 
characterised by a vent on the top, emphasising that they 
are constructed in longer lengths. Split roof designs 
force a pressure differential in order to extract the hot air 
at the top of the structure. However, the angle of the 
ventilated roof design should be greater than 15° or the 
structure will have no advantage in creating the hot air 
extraction ventilation effect at the top of the roof (de 
Gannes et al., 2014).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5: A Split Roof Quonset Greenhouse 
Source: de Gannes et al. (2014) 

 
 
3. Major Materials of Greenhouses Worldwide 

There are two parts of a greenhouse: the framework and 
the glazing (plastic covering).  Typically, the glazing 
covering the greenhouse is replaced many times before 
the framework fails due to corrosion and mechanical 
loading (Tzouramani et al., 1995).   

The advantages and disadvantages of major 
materials utilised in building the frame of greenhouses 
are shown in Table 2.  The materials include aluminium, 
plastics, wood, polyvinylchloride, and galvanized steel.  
Table 3 shows the advantages and disadvantages of 
materials utilised for glazing of the greenhouses. Apart 
from glass and fiberglass, other materials like 
polycarbonate and polyethylene are also utilised for 
glazing. Table 3 shows the advantages and 
disadvantages of different materials used for glazing 
greenhouses. 
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Table 2. Advantages and disadvantages of using different materials for the frame of greenhouses 

Material used for frame Advantages Disadvantages 

Aluminium  
 

• Light weight yet durable.  

• Will not rust or erode.  

• Resistant to excessive sun.  

• Low maintenance. 

•  Easy to use. 

• Inability to insulate. 

• Does not maintain heat efficiently.  

• Not resistant to harsh winds.  

• Expensive option.  

• Not very strong. 

Plastic  • Durable and strong. 

• Very weather resistant. 

• Good insulation. 

•  Inexpensive.  

• Can warp over time.  

• Brittle when exposed to hot and cold cycles. 

Wood  • Strong and durable.  

• Average weather resistance.  

• Good insulator.  

• Easy to work with  

• Requires regular maintenance.  

• Can deteriorate easily.  

• Subject to rotting, mold & mildew. 

•  Can warp over time.  

• Treated wood can be toxic to plants. 

Polyvinylchloride  • Flexible so easy to work with.  

• Usually a good insulator.  

• Cheaper than other materials.  

• Lightweight. 

• Not very strong.  

• Not weather resistant (affected by extended sun 
exposure).  

• Not very rigid. 

Galvanized steel  • Durable and strong.  

• Low cost.  

• Prone to wear and rust.  

• High maintenance and difficult to work with. 

Solexx composite  • Very strong yet flexible.  

• Good insulators.  

• Weather resistant.  

• Impact and shatter resistant.  

• Provides shading.  

• Difficult to install and costly. 

 

Table 3. Advantages and disadvantages of different materials used for glazing greenhouses 

Materials used for 
glazing  

Advantages Disadvantages 

Glass  • Long lasting.  

• Transmits light well.  

• Strong.  

• Recyclable.  

• Expensive.  

• Does not diffuse light well (leads to shadowing or 
plant burn).  

• Difficult to work with  

Polycarbonate  • Easy to use, flexible.  

• High degree of light transmittance.  

• Less expensive and long lasting.  

• Strong and long lasting.  

• Not east to work with.  

• Condensation build ups (causes yellowing and 
algae)  

Polyethylene  • Inexpensive.  

• Easy to work with.  

• Light is transmitted and diffused well. 

• Not long lasting.  

Acrylic  • Very strong.  

• Easy to work with.  

• Long lasting.  

• Flammable.  

• Expensive.  

• Brittle.  

Fiberglass  • Easy to work with. 

•  Moderately expensive.  

• Good lifespan, strong. 

•  Light diffused well.   

• Rigid and durable.  

• Very combustible.  

• Irritable.  

• Long term UV exposure can cause swelling and 
reduce light transmission  

 
 
 
4. Experimental Investigation  

Greenhouses in 24 locations: 23 in Trinidad and one in 
Tobago were surveyed (see Figure 6). These 
greenhouses were evenly distributed throughout the 
country and thus, it is expected that all possible 
problems were represented by the diversity in 
geography. A list of past registered greenhouse owners 
was collected from the T&T Tropical Greenhouse 
Operators Association. The approach to data acquisition 

involved conducting telephone interviews with these 24 
past or present greenhouse owners.   

Personal interviews were conducted with three 
farmers who currently own and use a greenhouse, to 
discuss what needs they have or had.  These latter 
interviews were carried out at the University of the West 
Indies Field Station Greenhouse (Kenia Campo - UWI) 
Mama’s Green Garden (Karim Baksh – Barackpore, 
Central Trinidad) and PCS Model Farm and Agricultural 
Resources  (Karl Burgess -  PCS Nitrogen Farm,   Couva 
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Figure 6. Locations of the surveyed greenhouses in T&T 
 

 
Central Trinidad).  Secondary data were collected from 
institutions, such as the Ministry of Agriculture and the 
T&T Meteorological Office, to support and add to the 
primary information collected, as well as to be used in 
the design part as boundary conditions.  

The analytical approach used to model the design 
alternatives, included the modeling of four designs. The 
first was based on a popularly used greenhouse in 
Trinidad located at the University of West Indies, St. 
Augustine Field Station, which was utilised as a baseline 
(its materials and design). In the second model, the 
materials for the glazing and structure were changed 
from polyvinylchloride to aluminized polyester, 
galvanized steel to polypropylene respectively. The third 
design, involved a change to the structure itself 
(increased length and height, decreased width, changed 
orientation from East-West to North-South, and changed 
the vent structure from split-roof to butterfly vents).  The 
final model combined the second and third models. 

Numerical techniques have given researchers the 
ability to simulate transfer phenomena which occur in 
agricultural buildings, considering building structural 
details and its ambient environment (Abraheem, et al, 
2001).  Computational fluid dynamic (CFD) models 
have been used successfully in greenhouse ventilation 
studies (Bartzanas et al., 2004). The software program 
utilised to perform the virtual analysis was SolidWorks 
Flow Simulation, where the airflow through the structure 
was observed to determine if its improvements would 
prove useful in real environmental conditions. CFD 
permit ventilation development (through flow 
trajectories) in order to monitor air flow in the system. 
Contour graphs were also plotted to show the spread of 
temperature and relative humidity throughout the 
systems. The experimental set up used the Flow 
Simulation Add-in.  The temperature was set to 300K, 
wind speed at 2.75 ms-1, and relative humidity to 80%, 
as per the averages received from the T&T 
Meteorological Office, Piarco  

5. Results  

5.1 Summary of Survey Findings 

From a survey of 24 greenhouses by Sahadeo (2016), it 
was revealed that 16 of the 24 greenhouses were 
constructed within the last ten years and are still in use. 
The average lifespan of the greenhouses surveyed was 
found to be 6.67 years. Some of the houses had been 
abandoned or destroyed; the description of the type of 
greenhouse was solely based on the farmers’ memory 
and ability to depict it. Many of them did not know the 
correct names of the systems so categorising the 
greenhouses was based on their descriptions. The most 
common type of greenhouse was the split-roof Quonset 
(see Figure 5). 

From the survey conducted, it was found that 58% 
of the farmers had never been trained or taught by any 
organisation, company or school, about protective 
agriculture systems. However, the remaining farmers 
had been to workshops or received advice from 
Caribbean Agricultural Research and Development 
Institute,  CARDI; National Agricultural Marketing and 
Development Corporation, NAMDEVCO; The 
University of the West Indies, St. Augustine,  UWI;  
Repsol; National Agro-Chemical Limited, NACL; 
Agricultural Development Bank, ADB;  or their 
suppliers and contracted consultants.  This was because 
these farmers were either a part of these organisations, or 
had signed contracts with them in order to construct the 
greenhouses. 

Not all crops grown are suited for greenhouses. The 
most appropriate ones have been found to be sweet 
peppers and tomatoes. Some farmers (28%) sold these 
crops to either local farmers’ markets or (25%) directly 
to either family and friends, or the public. Others sold to 
grocery stores (16%), wholesalers (9%) and retailers 
(12%), while the rest sold to hotels and restaurants. UWI 
on the other hand, uses its produce for research 
purposes. 67% of the farmers stated that using the 
systems had improved the quality of their plants. This 
included the taste, shelf life and life expectancy of the 
plants.   

Only 42% of the interviewees believe that the sale 
of their crops had repaid the cost of the greenhouse. This 
means that more than half of the farmers did not at least 
break even, and considered this project a loss. Many of 
them, however, insisted that this venture would have 
been profitable if the correct procedures were taken. 
Moreover, many of the greenhouse systems did not last 
long enough for the farmers to reap their benefits and for 
some, the cost of repairs and maintenance made the 
viability of their greenhouses even worse. 

Most farmers (54%) questioned do not also do open 
air farming. Of those who do, they agreed that protected 
agriculture practices differ from those of open air 
farming.  42% chose to hire extra labour, many (38%) 
did not require more than their family members’ 
assistance. Each farmer stated that less than 5 persons 
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were ever needed.   This shows that less manpower was 
required as opposed to open air farming. On the other 
hand, 20% of the farmers hired persons who had had 
previous training in agriculture and these farms are 
amongst those which are still in use, linking labour to 
high profitability. 

Figure 7 summarises the problems encountered by 
the farmers while using the greenhouses. For the 
purposes of this paper, the five (5) most recurring 
problems, namely pests and diseases, high temperatures, 
poor structural designs, poor ventilation and high costs, 
were examined.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 7. Problems encountered by growers while using the 
greenhouse as discovered from the survey 

 
 

Pest and diseases not only consume and contaminate 
the food, but few, like the white flies, laid eggs on the 
plastic sheeting and blocked ventilation. Thus, this issue 
is considered severe because it leads to further problems.  
Costs that may occur throughout the life of the 
greenhouse include the cost to replace the plastic (which 
is necessary approximately once every 4-6 years), and to 
clean it. These costs may be as high as US$2,400 to 
US$2,700 for a 930 m2 system. It was found that the 
costs were not proportional to the size of the 
greenhouses since the farmers may have received 
subsidies from the sponsoring agencies. 

Approximately 63% of the farmers stated that some 
organisation had previously performed a study on their 
system. NACL, CARDI, UWI, the Ministry of 
Agriculture and private consultants have collected data 
from 15 farmers.  Furthermore, of the 16 remaining 
greenhouses, 8 thought it feasible to perform a current 
study on their greenhouse. The others did not for reasons 
such as crops being planted at the time of the survey and 
the greenhouses being down for cleaning and 
maintenance. 
  

5.2 Greenhouse Structural Design Models and the 

Final Design 

Some design models were considered in the 
investigation of the possible effects of the changes in the 
greenhouse structures on the internal environmental 
conditions. Table 4 shows a combination of the 
conditions required for optimum growth of tomatoes and 
sweet peppers, (internal conditions) as given by de 
Gannes et al. (2014), and the average external climatic 
conditions of T&T from the period of 1981 to 2010, 
collected from the Piarco Meteorological Station. This 
information was used as input variables when modeling 
and simulating. 
 

Table 4. Internal and External Conditions Required for the 
Greenhouse 

Weather  
parameters 

Internal 
conditions 

External 
conditions 

Temperature (°C) 21- 26 26.6 

Precipitation (mm) 1.5 x 106 1.5 x 102 

Sunshine hours (hrs) 8 7.3 

Relative Humidity (%) 50-70 81.6 

Wind speed (kts) 0.11-0.17 5.3 

 
 
 

The base design was a typical local greenhouse 
which is split roof Quonset design (see Figure 8). Most 
greenhouses in Trinidad, adopt this split roof design to 
extract hot air, by creating a forced pressure.  The 
dimensions and materials (see Table 5) used for the 
modeling were taken from the greenhouse at The 
University of the West Indies Field Station. It cost 
approximately US$27,635 to erect, not including 
automotive enhancements. It has only one opening. This 
opening is located at the Eastern end of the building. 
Since its orientation is east-west, air only enters through 
the front of the building (see Table 5).   
 
 
 

 
 
Figure 8. The front view of the base design model of greenhouse 

with original split-roof 
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 Table 5.  Dimensions and properties of the four design models 

 
 
The distribution of temperature and relative humidity in 
the building (see Figure 9), indicate that air enters 
through the windward side of the building and does not 
travel very far.  Additionally, the air streams move 
upward, toward where the split vent was placed.  From 
the red and yellow colours of the contour graph, it is 
evident that, at the entrance, there is a portion of air that 
is cooler, and from the blue colour (RH graph), less 
humid, but the rest of the greenhouse is constant or 
stagnant. There is not enough airflow. Figure 9(c) shows 
that the airflow in the system is not very diverse and so 
air was not distributed uniformly in the entire space. 
This would lead to hot air not being able to travel to the 
leeward end of the greenhouse, so the plants here would 
experience higher temperatures and would be more 
likely to wilt. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 

 

 

 

 

 

Figure 9.  Distribution of (a) temperature of the air (b) relative  
humidity and (c) air trajectory for the base design model 

 

Figure 10 depicts the second model which involved 
changing the materials for the greenhouse. In an effort to 
keep the greenhouse cool, the top of the greenhouse was 
covered with a meshed shading material (aluminized 
polyester) instead of polyvinylchloride sheets (see Table 
5). This is expected to allow more airflow of hot air out 
the system, as well as reflect infrared rays that could 
cause additional heating (such as red, orange and yellow 
wavelengths). The aluminium mesh could withstand 
heavy rains and will not tear as easily, increasing the 
longevity of the structure.  
 
 
 

 
 

Figure 10. The front view of the second design model of 
greenhouse (change of some materials of the base design) 

 

Structural Parameter Base design model Second design Third design Final design 

Length (m) 24 24 35 35 

Width (m) 12 12 9 9 

Height of sidewalls (m) 2.5 2.5 3 3 

Apex (m) 4 4 7 7 

Arch radius (m) 10 10 5 5 

Arch angle (o) 15 15 - - 

Pipe diameter (mm) 38 38 38 38 

Orientation East-West East-West North-South North-South 

Top cover Polyvinylchloride Aluminized Polyester Polyvinylchloride Aluminized polyester 

Mesh material Polyethylene Polyethylene Polyethylene Polyethylene 

Grade of mesh (mm) 1.0 0.8 1.0 0.8 

Frame material Galvanized Steel Polypropylene Galvanized Steel Polypropylene 

Vent type Single split roof Single split roof Butterfly vent Butterfly vent 

Number of openings One One One - Air locked One - Air locked 

Estimated cost of materials (US$) 27,635 25,725 43,630 38,530 

(a) 

(b) 

(c) 
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Although the use of polyethylene mesh coverings for the 
sidewalls was maintained, the grade of mesh was 
decreased to 0.8 mm to reduce the entrance of as many 
pests as possible. The frame material of the greenhouse 
was changed from galvanized steel pipes to 
polypropylene pipes (see Table 5). Polypropylene is a 
heat insulator and will not transfer as much heat into the 
system as steel (a heat conductor). It is also more 
affordable, lightweight, durable and recyclable. Having 
white pipes and painting the glazing materials white 
(whitewashing) will also reduce temperatures. These 
changes in the materials will also reduce the overall cost 
of the system (approximately US$25,725; see Table 5) 
and will increase its resistance to pests and diseases. 

The simulation showed that the temperature 
dispersion of the air was generally the same as the base 
design, except that the airflow did not move upwards 
(see Figure 11). The temperature dispersion (see Figure 
11(a)) effects and the relative humidity (see Figure 
11(b)) travelled further into the greenhouse. This is 
advantageous, since this was the major problem with the 
base design. However, it still did not cover more than 
half of the greenhouse, meaning that changing the 
materials of the greenhouse alone will not significantly 
improve its ventilation satisfactorily. Also from the flow 
trajectory graph, (see Figure 11(c)), it could be spotted 
that the change of the roof glazing did allow more flow 
lines to pass through.  More must still be done to 
improve the airflow through the structure. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) 

 
 
 
 
 
 
 
 
 
 

Figure 11. Distribution of (a) temperature of the air (b) relative 
humidity and (c) air  trajectory for  the second design model 

 

 
There was no change to the structure in the second 

design. While it did change its materials, the third design 
model changed the structure.  Figure 12 shows the third 
design which enabled a comparison of a butterfly vent to 
that of a split roof. Additionally, air lock doors were 
used at entrances to reduce the number of pests and 
diseases that can enter the greenhouse. The dimensions 
and direction of the greenhouse was varied in this design 
to encourage maximum efficiency. 

Figure 13 shows the simulation results at the top of 
the greenhouse, near the vents, was the coolest area 
(yellow-green). However, inside the greenhouse, 
temperatures were steady. The humidity of the 
greenhouse was more evenly distributed than the base 
design, and was reduced in more than half of the 
system’s volume. This led to the increase in airflow; see 
Figure 13(c), where there are high flow trajectories 
around the system. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 12. Front View of the third model (greenhouse with 
butterfly vent) 

 
 
 
 
 
 
 

(a) 

(b) 
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Figure 13. Distribution of (a) temperature of the air (b) relative 
humidity and (c) air   trajectory for the third design model 

 

 

The final design combined changes in designs 2 and 
3 (see Figure 14). Although both designs acting singly 
led to an increase in air flow (ventilation) and a decrease 
in temperature and relative humidity, each by itself was 
not enough to change the parameters of the system to 
those desired in the metrics.  Figure 15(a) shows 
excellent diffusion of air temperature as both the 
butterfly vents and meshed aluminized polyester top 
glazing were used. This maximised the air current 
allowed to enter the system and the corresponding blue 
and yellow colors show that there will be a decrease in 
temperature through it. However, at the center of the 
system, the temperature remained high, so other methods 
must be looked into to mitigate this. The relative 
humidity of the structure also remained high (see Figure 
15(b)) at some points in the system.  
  

 

 

Figure 14.  Front View of the final design model (combination of 
design models 1 and 2) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 15.  Distribution of (a) temperature of the air and (b)          
              relative humidity for the final design model 

 
 

However, it is seen to decrease generally 
throughout, in a much more evenly distributed manner 
than either designs 2 or 3. This can be explained by 
Figure 16 which shows the air circulation being more 
turbulent compared to all the other designs. 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 16.  Distribution of air trajectory for the final design model 

(a) 

(b) 

(c) 

 

 

 

(a) 

(b) 
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6. Discussion  

Data collected from greenhouse operators in T&T were 
presented. Advice from interviewees helped shape the 
greenhouse designs which were modelled. After creating 
the base design model and seeing the lack of circulation 
of air, the materials were adjusted for design 2 to make 
the greenhouse more aerated. However, there was no 
significant change to the airflow. For designs 1 and 2, 
the airflow remained mostly laminar. One reason the 
change in materials may not have been very effective is 
because this simulation did not measure the amount of 
heat reflected. As such, the difference made by using the 
aluminized polyester would be minimal. Furthermore, it 
was noted that the thermal conductivity of aluminium is 
higher than that of steel and as this would be coating the 
polyester, it is understood that the heat conducted by this 
material can increase temperatures.  

Shading will aid greenhouse cooling since it 
restricts the amount of solar radiation and light intensity 
that reaches the plant, reducing the leaf surface 
temperature significantly. Besides changing the 
materials of the structure, the use of shade curtains could 
have aided in reducing the temperature. This would be 
helpful in decreasing sunlight penetration during the day 
but be variable enough to open or move at night to allow 
more air in. Another method that could reduce the 
intensity of the sun is to use chemical shade compounds 
such as “Kool Ray” or “Liquid Shade.” These are 
expensive though and could lead to complications during 
cleaning. The surrounding of the greenhouse is 
important as well. The greenhouse should not be blocked 
by high standing walls or trees. While these options offer 
shade which can cool the system, they will inescapably 
block out sunlight doing more harm than good. They can 
also encourage pests, bats and birds.  

Design 2 was more affordable than the base model, 
costing less than US $26,000 using these new materials 
(see Table 5). While this is an advantage of the design, 
more should still be done to reduce this cost. Opting for 
more affordable materials can help restore abandoned 
greenhouses. Not only can the new affordable materials 
be easily implemented, they can be interchanged with 
other materials and tested incrementally to see if there is 
more room for improvement. For example, use of shade 
curtains and shade compounds might be viable options. 

While the third design did realise lower relative 
humidity results, the temperature contour plot showed 
improvements only around the top glazing of the 
structure. This is most likely due to the change in 
orientation of the greenhouse from east-west to north-
south (perpendicular to the wind direction), so the air 
flow was greater over the top of the system. The flow 
trajectory also showed more turbulent currents through 
the house, which could be attributed to the butterfly 
vents and increased the length of the system. Also the air 
was cooler at the air locked doors (polycarbonate) than 
as previously seen. While that method was used to 

reduce the pests, the possibility of using the material 
could be explored in future studies.  

Other improvements to structures include use of 
ridges, cooling towers, chimneys and wind catchers. 
While ridges are usually an improvement to building 
roofs, these and soffits usually go hand in hand. This 
would be a recommended alteration in a new design 
since for this there is a build-up of heat in the centre of 
the system. More attention should be placed on 
improving where the sidewalls meet the roof. Wind 
catchers, cooling towers chimneys are variations that 
could be made to the structural design of the building. 
These are usually used for closed systems though (glass, 
plastic, acrylic) and these variations will add to cost of 
construction. The precise design specifications and 
viability of these structures will also mean the hiring of 
special and skilled contractors. The placement and size 
of these features should also be varied to reduce hot 
spots. While we can see the hotspots theoretically from 
these models, the use of anemometers or white 
smoke/fog can show the wind patterns of already built 
systems to see where adjustments could be made.  

The price of this system is estimated to be 
US$45,000.00 which is exorbitant for any structure. 
However, this system is around 1.5 times the size of base 
design model so the increase in price is expected. For 
those who cannot afford it, or do not have the space for a 
large system, they can use other passive ways of 
improving the ventilation of their greenhouses.  These 
include using footbaths and light colours to reduce pests, 
or whitewashing/painting posts yellow with adhesives to 
attract insects there, and not using monocrop harvesting 
techniques to avoid the occurrence of diseases. While 
these methods do not target ventilation, they would help 
with other major problems. Unfortunately, for already 
poorly constructed houses, automation might be 
necessary to bring temperature down to the level needed 
for healthy plant growth. Other devices could be used to 
improve systems functions. For example, weather 
tracking devices are currently used by the PCS Model 
Farm. 

The final design was a combination of the design 
models 2 and 3. This model showed improvements to an 
acceptable degree. Temperature was well distributed and 
the relative humidity was reduced significantly. This 
could be because the top glazing was now better 
ventilated, and the air could freely pass through and push 
out hot air that previously accumulated. Thus, there was 
more airflow in the middle of this design than in design 
3, although they both had the same orientation 
characteristics. Another difference between this final 
design and design 3 is the cost. By changing the 
materials used alone, this greenhouse costs up to 
US$5,000.00 less to create (see Table 5). This money 
could then be invested into an automation system which 
could again, improve growing conditions in the system.  
Furthermore, it is expected that at some point, the 
system should break even and pay itself back. However, 
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a feasibility study would have to be conducted to 
determine exactly when.   

It is understandable that theoretical models can 
rarely mimic actual systems exactly. Thus, for more 
accurate results, one can create actual structures and 
monitor them, or make the changes to existing structures 
and evaluate them to see where there is room for 
improvement.  
 

7. Conclusion  

This research has successfully reviewed the existing 
greenhouses (locally, regionally and internationally), 
designed and optimised a new potential system for the 
local environment. This design was modelled and 
simulated, to validate its performance. Major problems 
encountered by local greenhouses are pests and diseases, 
high temperatures, poor designs and ventilation, and 
high costs. In order to minimise these problems, the 
materials used were changed as well as the structural 
shape, size and orientation. SolidWorks flow simulation 
indicated that the alterations to the structure and 
materials acting singly were not enough to improve 
ventilation in the greenhouse. However, when they were 
combined, the effects would be more effective. 
Additional recommendations were given to restrict the 
occurrence of pests and diseases.  

While the change in material can potentially reduce 
the cost, the increase in size will raise it. The final 
design solved all problems except for cost, going over 
the original greenhouse design by more than 
US$10,000.00. This is a significant disadvantage as it 
shows that while all other problems are solved, many 
persons will still be unwilling to invest in protected 
agriculture because of the length of time to realise profit 
from the investment.  

The next phase of research will be to investigate the 
use of comprehensive systems of controlled environment 
agriculture (CEA) in which case all aspects of the 
natural environment are modified for maximum plant 
growth and economic return.  Control may be imposed 
on air, temperatures, light, water, humidity, carbon 
dioxide, plant nutrients alongside with complete climatic 
protection (Jenson and Malter, 1995). Active methods of 
ventilation in greenhouses in Trinidad using methods 
like evaporative coolers, fans, and fog misting systems 
will be investigated.  This research will examine the 
feasibility of current controlled environment systems in 
T&T and in the Caribbean. 
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Abstract: The structural properties of conventional bond coat were modified to improve adhesion for thermal barrier 

coating. Silicon-carbide blended with aluminum, nickel and chromium powders in an aluminide bond coat was deposited on 

various metallic substrates via oxyacetylene flame spray in a neutral flame. Wear investigation and microstructural analysis 

conducted on the surface modified substrates revealed different levels of interfacial diffusion resulting in differential wear 

co-efficient in the modified substrates. Among the substrates coated, mild steel exhibited the greatest resistance to wear 

followed by compacted graphite iron (CGI) whilst cast iron provided the least resistance. This suggests that the generated 

aluminide blend can be used to enhance the surface of mild steel preparatory to the application of thermal barrier coating. 

Keywords:  Aluminide blend coat, oxy-acetylene flame melting, metallic substrates, wear-coefficient 

 

1.  Introduction 

Thermal barrier coatings (TBC) are widely used in 
turbines and automobile engines as protective shield 
against thermal cycling during propulsion and power 
generation (Ajdelsztajn et al., 2007). They comprise 
thermally insulating materials having sufficient 
thickness and durability that can withstand an 
appreciable temperature difference between the load 
bearing alloy and the coating surface (Goswani et al., 
2004). Though, the primary function of TBCs is as a 
thermal barrier, the extreme thermomechanical 
conditions of the service environment impose some 
other requirements on them. These include excellent 
resistances to thermal expansion stresses associated with 
heating and cooling, large strain without failure and 
phase transformations on cycling between room 
temperature and high temperatures. Furthermore, they 
must be able to withstand repeated thermal cycling, 
resist erosion and withstand long exposure to oxidizing 
atmosphere particularly in air-breathing engines.  

Yet, among the listed performance criteria, any 
potential TBC must possess suitable transport properties 
otherwise, that material is unusable. Thus, TBCs are 
typical examples of multifunctional materials (Clarke 
and Phillpot, 2005; Vaßen et al., 2010). Their major 
significance is that they assist in prolonging the life of 
load bearing alloy from environmental attack, creep 
rupture and fatigue by ensuring that the temperature of 
the metal substrate is maintained within a threshold 
(700-9000C for automobile engines; and 11000C for 
turbocharged engines) for enhanced performance and 

greater delivery of engine power (Pathak et al., 2013; 
Domakonda et al., 2012; Wahlstrom and Lars, 2010; 
Cinivizi et al., 2008). Such elevated temperature 
environment and optimum energy matrix is not 
obtainable with non-TBC engines (Cinivizi et al, 2012). 
For instance, automobile engines coated with TBCs 
provides a greater balance of useful energy, lower 
exhaust and coolant energies compared with such 
engines that are not coated with TBC. Ceramic coated 
engines are credited with about 35% reduction in engine 
dimensions and 17% reduction in fuel consumption   

(Cinivizi et al, 2012). 
A TBC generally consists of a top coat and a bond 

coat layer. The top coat serves as the insulator and the 
bond coat facilitates contact between the top coat and 
metal substrate. There are several options that have been 
exploited as candidate for top coat material among 
which yittria stabilised zirconia (YSZ) is the preferred 
top coat material because it possesses features that are 
essential to coating survival during thermal cycling 
(Chen, 2006).  

Despite the favourable features of YSZ top coat, the 
difference in thermo-mechanical properties between a 
YSZ top coat and a metal substrate does not permit 
direct deposition/cladding of the top coat to the metal 
substrate. Rather, an intermediate layer, the bond coat 
(containing NiCrAlY), is introduced to improve the 
adhesion between the top coat and the substrate (Lima 
and Guilemany, 2007). It also assists in grading the 
thermo-mechanical property gradient between the top 
coat and the substrate (Christensen et al., 2001). A third 

   ISSN 0511-5728 
The West Indian Journal of Engineering 

Vol.39, No.2, January 2017, pp.58-64 



M.O.H. Amuda et al.: Wear Characteristics of Aluminide Blend for Thermal Barrier Coatings Bond Coat 

 
59 

layer present in a TBC system is the Thermally Grown 
Oxide (TGO) zone which is basically aluminum oxide 
(Al2O3). The TGO is consequent upon the oxidation of 
the aluminum in the bond coat either during thermal 
cycling or even before the prior deposition of the top 
coat (Christensen et al., 2001).  

It is usually not desirable but always presents in the 
matrix of the TBC; and accelerates the failure of the 
thermal coating. The failure mechanisms in TBC 
systems are varied but some of the most prevalent are: 

i) Delamination of the spinel due to brittleness. The 
spinel is formed either between the TGO and the 
bond coat or between the TGO and the TBC. 

ii) Local compression of TBC due to particle impact 
and foreign object damage resulting in hot spots 
in the underlying bond coat, and 

iii) Crack nucleation, propagation and coalescence in 
the TGO. 

TGO is major problem in conventional bond coat 
containing aluminium, chromium and nickel resulting in 
poor adhesion of the bond coat to the substrate material 
(Lima and Guilemany, 2007). Addressing this challenge 
requires preventing or eliminating the tendency for 
aluminum to oxidise; and this may be accomplished by 
reducing the composition of aluminum in the 
formulation of the bond coat; and topping up the balance 
with a hard ceramic material that is difficult to oxidise 
such as silicon carbide (SiC). Literature is scarce on the 
formulation of such novel bond coat for addressing the 
problem of TGO.  

Besides, the process of deposition of the bond coat 
is also significant. Most of the industrially deployed 
techniques such as electron beam assisted physical 
vapour deposition (Singh et al., 1999), laser melting 
techniques (Akdogan et al., 2013; Ouyang, 2011), high 
velocity oxy-fuel process (Lima and Guilemany, 2007) 
are capital intensive and require high technical expertise. 
They are not readily adapted to low technology based 
societies such as sub-Saharan African countries. Thus, 
there is imperative to develop appropriate technology for 
depositing TBC on substrate materials in these countries. 
Conventional oxy-acetylene flame torch system has 
process attributes similar to those of HVOF process; and 
can be explored for such deposition but this has not been 
reported.  

Other than the process adopted for depositing the 
TBC, the characterization of the behaviour of the as-
deposited coating under real time service condition is 
equally critical in optimising the TBC performance. This 
may be achieved by investigating the performance of the 

coating under some specific service criteria. And in most 
engines for power or energy, the continuous operation of 
the engine often induces progressive loss of materials 
from the engine caused by contact and relative motion 
with a counter-body. This phenomenon known as wear 
apart from fatigue/thermal stresses represents critical 
performance criteria for engine. Thus, it provides a 
means for rapid characterization of the success of the 
deposition process by establishing the adherence of the 
deposit to the substrate.  

Panturu et al. (2016) explored wear phenomenon in 
characterizing the breakdown mechanism in a plasma 
sprayed coating consisting of Ni20Al/ZrO2-8% Y2O3 on 
valve steel; and reported that the composite coating was 
compact and adherent resulting improved wear 
behaviour in the coated valve steel. Earlier related work 
by Baiamonte et al. (2014) had established the use of 
wear phenomenon to characterize the performance of 
thermal sprayed coatings produced on martensitic steel 
and nickel based alloy. These works demonstrated that 
wear characterization offers rapid means for determining 
the quality of coatings deposited on substrate. Therefore, 
in the present work, aluminide bond coat was blended 
with SiC and flame deposited on some metallic 
substrates using oxy-acetylene flame torch. This is a 
preliminary investigation to evaluate the adhesion of the 
newly developed bond coat on the substrate material. 
The work specifically sought to establish the possibility 
of forming defect free precursor for the deposition of 
TBC on substrate material using commonly available 
oxy-acetylene flame system. 
 
2. Materials and Methods 

2.1 Materials and Preliminary Treatment 

Three substrate materials - mild steel, CGI and cast iron  
whose compositions are presented in Table 1 were 
considered for the deposition of the TBC. These 
substrates were sectioned into coupon sizes 75 mm x 25 
mm x 10 mm and annealed to remove processing 
history. The coupons were subsequently grit blasted 
using silicon carbide emery paper grit size 400 to 
roughen the surface and ensure proper contact between 
the substrate and the bond coat. Pickling and de-scaling 
was conducted in an improvised agitated stainless steel 
cup in a vibrator. The bond coat was formulated by 
blending Al, Cr, Ni, and SiC powders in a mortar in the 
proportion indicated in Table 2. The morphology of the 
bond coat after blending in the mortar is shown in Figure 
1. 

 

Table 1. Chemical composition of the substrate materials 

Material 
Elemental composition (at. wt. %) 

C Si Mn P S Cr Ni Mo Fe Bal 

Mild Steel 0.22 0.21 0.69 0.02 0.02 0.09 0.09 0.01 98.30 
Trace 

element 
Cast Iron 3.73 1.88 0.44 0.40 0.19 0.08 0.06 0.01 92.30 

CGI 3.38 1.85 0.41 0.44 0.15 0.08 0.06 0.01 92.70 
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Table 2. Blend composition of the aluminide bond coat 

 

 

The bond coat was then preplaced on the substrates 
using a solution of polyvinyl alcohol. The preplaced 
powder and the substrates were then heated to 60oC for 
24 hours in a furnace to dry off water. 

 

 

 

 

 

 

 

 

 

 

Figure 1. Morphology of Al-Cr-Ni-SiC aluminide blend 

 

2.2 Experimental Procedure 

Oxyacetylene flame was applied directly to the 
preplaced bond coat. The acetylene/oxygen ratio was 
manipulated in different ratios to create reducing, 
oxidizing or neutral environment. Oxidising 
environment was created at oxygen: acetylene ratio of 
2:1; reducing at 1:2 and neutral at 1:1. However, at 
oxidizing environment, the preplaced bond coat burnt off 
while at reducing environment, carbon soot was 
deposited on the substrate without any melting of the 
preplaced bond coat. But neutral flame condition was 
adequate for the flame heating of the samples. The flame 
melting at neutral oxy-acetylene ratio is shown in Figure 
2. Neutral flame was subsequently used for other 
substrates.  
 
 

 

 

 

 

 

 

 

 

 

 
Figure 2. Oxy-acetylene flame torch melting of preplaced TBC 
materials: (a) flame melting (b) just after flame melting and the 

final appearance of the flame melted TBC 

The flame melted substrates were sectioned 
transversely to the direction of flame torch for 
microstructural examination. Representative samples 
mounted in epoxy resin were subjected to standard 
metallographic procedures and etched in a solution of 
98% ethanol and 3% nitric acid. Microstructural 
examination was conducted on CETI 0703552 inverted 
metallurgical microscope.  

Wear test was conducted by abrasion on the surface 
modified and uncoated substrates using emery paper 
grade P36  with successive increase of loads on the wear 
rig for a 60 s interval per changing load. Five load levels 
of 5.95, 9.93, 11.91, 13.91, 15.89 N were considered for 
the abrasive load. The samples were held in a holder and 
brought in contact with the rotating emery paper 
mounted on the grinding/polishing machine at a fixed 
revolution of 125 rev/min for an abrasion time of 300 s. 
The differences in the rates of mass loss for all the 
samples were determined and combined with the density 
of the material to estimate the volumetric loss. This was 
inserted into the Achard’s relationship (Yang, 2003) 
presented in Eq. (1) to calculate the wear co-efficient for 
each conditions of the load 

NS

VH
K

3
=  (1) 

where K is the wear co-efficient, V is the volumetric loss, H is 
the Brinell hardness value, N is the normal load and S is the 
sliding distance.  

 
3. Results and Discussion 

3.1 Microstructural Analysis of Substrate Materials 

The microstructure of the three substrate materials 
before coating and flame spraying is shown in Figure 3 
The microstructure of the mild steel (Figure 3a) shows 
bright network of pro-eutectoid ferrite interlocked by 
dark grey pearlitic phase. Though, the relative 
distribution of the phase was not determined, literature 
(Kumar and Jena, 2009) indicates that annealed low 
carbon steel contains about 75% ferrite and 25% 
pearlite. Mild steel with such phase distribution is not 
expected to experience significant microstructural 
modification in the bulk material after flame heating. 
Figure 3b is the microstructure of the CGI which shows 
bright patches of vermiculite quasi graphite flakes in a 
ferritic matrix. This microstructure is similar to that in 
Figure 3c for the cast iron. The only difference being 
that the bright quasi graphite flakes in Figure 3c are 
thicker and more than those in Figure 3b. Several 
authors (Calik, 2009; Krawczyk and Pacyna, 2009) have 

Sample Top coat 
Bond coat (% mass) 

Aluminium Chromium Nickel Silicon carbide 

Mild Steel Magnesium oxide 40 10 10 40 

CGI Magnesium oxide 40 10 10 40 

Cast Iron Magnesium oxide 40 10 10 40 

 

  
(a) (b) 

Final 
appearance 
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reported similar microstructures in these materials after 
annealing treatment. These microstructures are free from 
any defect such as porosity and micro cavities that could 
have affected the flame melting process. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Optical microstructure of substrate materials before 
flame melting: (a) mild steel, (b) CGI and (c) cast iron 

 

The microstructures of the flame sprayed coated 
substrates taken within 1 mm position from the interface 
are shown in Figure 4. The figure revealed the absence 
of pores in all the three flame sprayed substrates. Hopo 
(2014) identified the white networks obtained in the 
flame melting of aluminide blend on mild steel and other 
substrates as AlSiNiCr intermetallics.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Optical microstructure of surface modified substrate 
after flame melting: (a) cast iron, (b) CGI and (c) mild steel 

However, these intermetallics are not evenly 
dispersed. This suggests different levels of interfacial 
diffusion during flame melting in the substrates. For 
instance, Figure 4a shows the segregation of the 
intermetallics to the upper right of the cast iron substrate 
whilst in the CGI modified substrate (Figure 4b) the 
intermetallics appeared at greater depth and in the centre 
of the substrate suggesting greater interfacial diffusion. 
In the mild steel substrate, however, the networks of the 
intermetallics are even spread throughout the 
microstructure (Figure4c). The poor distribution of the 
intermetallics in Figure 4a may be indicative of 
inadequate adhesion between the aluminide bond coat 
and the cast iron substrate material. 
 

3.1 Wear Characteristics of Surface Modified 

Substrates 

The wear characteristics of the surface modified 
substrates expressed in terms of wear co-efficient are 
shown in Figures 5-8 over the five loads conditions 
designated as Lo-L4. Figure 5 illustrates the trend in 
wear-coefficient in cast iron modified surface at the 
various load conditions and a test period of 300 s.  The 
figure shows that the wear coefficient decreases with 
increase in abrasion load with increasing abrasion 
period; except however for the 9.93 N which exhibited a 
concave decrease rather than convex decrease exhibited 
by the other loading conditions. The wear coefficient is 
highest at about 2.2 under a loading condition of 5.9N 
and least at about 1.5 under a loading condition of 
11.91N for the same abrasion period.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 5. Wear co-efficient in surface modified cast iron substrate 
against abrasion time at different load conditions (L0:5.95N; 

L1:9.93N; L2:11.91N; L3:13.91; L4:15.89N) 

 
 
There is no specific relationship between wear co-

efficient in the substrate and the loading condition at the 
early stages (less than 100s) of abrasion. The distinct 
segments are apparent in the figure; and these are the 
first 120 s (50-120s), the next 120 s (120-240 s) and the 
last 60 s (240-300s). The first 120 s experienced very 
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sharp reduction in wear co-efficient; and this gradually 
steadies out in the next 120 s. At a given load, the 
second linear segment shows a relatively lower wear 
coefficient compared to the first linear segment. The 
decrease in wear co-efficient with increasing loading 
condition is insignificant in the last 60 s.  

Figure 6 shows the wear co-efficient of surface 
modified CGI substrate. The trend is similar to the 
characteristics obtained with cast iron but at a lower 
threshold. The highest wear coefficient in CGI is 1.8 and 
the least is about 0.9 compared to 2.2 and 1.5, 
respectively in cast iron. This apparently suggests that 
surface modified CGI provided a better wear resistance 
than surface modified cast iron.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Wear co-efficient in surface modified CGI substrate 
against abrasion time at different load conditions 

 
Figure 7 is the wear co-efficient of surface modified 

mild steel at various load conditions. The figure 
indicates that the wear characteristics in the material 
exhibit the same trend as obtained in Figures 5 and 6. 
However, the highest co-efficient in Figure 7 is about 1 
and the least is about 0.9. This relatively lower wear co-
effieicnet value in Figure 7 is suggestive of possible 
adhesive characteristic relative to the other substrates. 

In order to establish an explicit comparison among 
the three surface modified substrates, the wear co-
efficient of the three materials at abrasion load of 5.93N 
(L0) is shown in Figure 8. The figure shows that cast iron 
has the highest wear coefficient at about 2.2 followed by 
CGI (1.5) and mild steel surface modified substrate has 
the least at about 1.0. The difference in wear co-efficient 
between cast iron and CGI is about 32% while that 
between cast iron and mild steel is about 50%. This 
suggests that the adhesion of the aluminide blend coat is 
greatest in mild steel, followed by CGI and least in cast 
iron. The wear behaviour of these surface modified 
substrates is better illustrated in terms of their 
microstructures shown in Figure 5. The even distribution 
of the AlSiNiCr intermetallics in the mild steel substrate 
is probably responsible for the very low wear coefficient 
which is indicative of the existence of good adhesion 

between the blend coat and the substrate material. The 
adhesion is moderate in CGI while it is very poor in cast 
iron.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. Wear co-efficient in surface modified mild steel 
substrate against abrasion time at different load conditions 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8. Comparison of wear coefficient in CGI, cast iron and 
mild steel at abrasion load of 5.93N 

 
4. Conclusion  

The wear characteristics of the substrates of three 
materials modified by depositing aluminide bond coat 
via oxy-acetylene flame melting have been investigated. 
The following conclusions are drawn from the 
investigations: 
1) Oxy-acetylene flame was successfully used to 

deposit defect free aluminide blend coat on the 
substrate of cast iron, CGI and mild steel. 

2) The wear characteristics in the substrates materials 
are influenced by the presence and distribution of 
AlSiNiCr intermetallics in the substrate modified 
surface. 

3) Mild steel has the least wear co-efficient, followed 
by CGI while cast iron has the highest. This is 
indicative that mild steel modified substrate 
presented the greatest wear resistance. 

4) The even distribution of the AlSiNiCr 
intermetallics in the mild steel substrate than in the 
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other substrates is probably responsible for low 
value of wear coefficient obtained in the material. 

5) The low value of wear coefficient in mild steel 
substrate suggests that there is good adhesion 
between the aluminide blend bond coat and the 
mild steel. 

6) This suggests that the generated aluminide blend 
can be used to enhance the surface of mild steel 
preparatory to the application of thermal barrier 
coating. 
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Abstract: This paper presents the findings of a research that investigates the mechanical, abrasion and water absorption 

properties of composites made from coconut shell particulates and unsaturated polyester resin. Particulate coconut shell was 

processed into ash and charcoal as potential reinforcement materials, respectively. The composites were fabricated by 

adding coconut shell particulates in predetermined proportions to the polyester using open mould process. The cured 

samples were tested to ascertain the response of the materials to the selected properties. Experimental results showed that 

tensile and flexural properties of the composites increased as the coconut shell ash (CSA) particle content increases from 1-5 

wt.% used while these mechanical properties decreases as the content of coconut shell charcoal (CSC) increases. The 

abrasion resistance of the composites decreases as the reinforcement contents increase for both CSA and CSC composites. 

However, CSA samples showed least resistance to abrasion compared to CSC while the control sample displayed the highest 

wear rate. Similar trend was observed for water absorption response where initial sharp water uptake was followed by 

gradual increase until saturation of water content was achieved. SEM and EDX revealed the dispersal of the particulates 

within the matrix and elemental constituents of the fabricated composites, respectively. 

Keywords: Coconut shell, particulate, reinforcement, ash, charcoal, polyester, composites 

 
1.  Introduction 

The development in science and technology required a 
variety of polymer with good properties and low cost. 
Therefore, polymer composites are considered to be 
among the more promising approaches to yield new 
materials and have been investigated extensively. In 
recent years, many studies have been dedicated to utilize 
lignocellulosic fillers such as coconut shell, wood, 
pineapple leaf, palm kernel shell and many more as 
fillers in order to replace synthetic fillers through 
exploitation of natural fillers as reinforcement in 
thermoplastic and thermosetting polymer composites. 
This is usually carried out in an attempt to minimize 
cost, increase productivity and improve mechanical 
properties of products (Salmah et al., 2013). 

Today, the growing environmental awareness 
throughout the world has triggered a paradigm shift from 
synthetic fibers and their composites to-wards 
composites made from natural reinforcing constituents 
which are more environmentally friendly. In the light of 
this, researchers have focused their attention on 
composites composed of natural or synthetic resins, 
reinforced with mineral particulate fillers or natural 
fibers in manufacturing of high-performance engineering 
materials from these renewable resources (Njoku et al., 
2011). Many of the plant fibres find application as a 
resource for industrial materials (Oladele et al., 2013). 
Madakson et al. (2012) concluded in their study, that 
coconut shell ash can withstand a temperature of up to 

1,500 ˚C with a density of 2.5 g/cm³. The presence of 
SiO2, Al2O3, MgO and Fe2O3 as major constituents 
(Ankesh et al., 2016; Madakson et al., 2012; Prakash 
and  Ajit, 2014) encourage the use of coconut shell ash 
as a reinforcing material in both metal and polymer 
matrix composites. 

Polyester resins are group of general purpose 
thermoset having average mechanical properties, low 
resistance to temperature, higher co-efficient of 
expansion and low cost. Nowadays, the cost is one of the 
most important factors. The overall cost can be reduced 
by blending the polymer with low cost filler materials 
like coconut shell powder (Nidhi et al, 2013). 

Coconut shell (CS) is one of the most significant 
lignocellulosic materials which grow in tropical 
countries such as Malaysia, Sri Lanka, Thailand, 
Indonesia and Nigeria. In an attempt to reduce the 
abundance of these agricultural by-products, new 
applications are urgently needed for CS to be more 
useful. Therefore, the use of CS as lignocellulosic fillers 
in polymer composites becomes more pleasing due to 
their high strength and modulus properties (Salmah et 

al., 2013). 
Coconut shells are cheap and readily available in 

high quantity in Nigeria. It contains about 65-75% 
volatile matter and moisture which are removed largely 
during the carbonization process. The carbonization 
process involves converting the coconut shells to char. 
The charring process is known as the Pyrolysis, which is 
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chemical decomposition of the shell by heating in the 
absence of oxygen. During the carbonization of coconut 
shells, volatiles amounting to 70 % of the mass of 
coconut shells on dry weight basis are released to the 
atmosphere, yielding 30 % of coconut shell mass of 
charcoal. The volatile released during the carbonization 
process is Methane, CO2 and wide range of organic 
vapors. The carbonization temperature range is usually 
within 400 - 850 ºC, sometimes reaches 1000 ºC (Rahul, 
2012). The product of carbonization is usually referred 
to as the ash. Research by Imoisili et al., (2012) revealed 
that coconut shell ash (CSA) is a potential candidate for 
the development of new composites because of their 
high strength and modulus properties. Composites made 
from CSA can be used for a broad range of applications 
such as furniture, house hold appliances and building 
constructions.  

Many researchers have made efforts to produce 
carbon black from agricultural by-products such as 
coconut shell, apricot stones, sugarcane bagasse, 
nutshells, forest residues and tobacco stems. Coconut 
shell is suitable for preparing carbon black due to its 
excellent natural structure and low ash content. 
Conversion of coconut shells into activated carbons 
which can be used as adsorbents in water purification or 
of industrial and municipal effluents would add value to 
these agricultural commodities, help reduce the cost of 
waste disposal, and provide a potentially cheap 
alternative to existing commercial carbons (Rahul, 
2012). 

In this paper, carbonized coconut shell was referred 
to as coconut shell ash (CSA) while the non-carbonized 
was referred to as coconut shell charcoal (CSC). The 
CSA and CSC particulates selected for this research 
were chosen so as to investigate their influence on 
polyester matrix, which is the most widely used among 
the thermoset plastics. The work was to examine the 
influence of charcoal and ash of CS since many 
researchers have established the use of CS particulate in 
an untreated and ash forms. In this research, the 
possibility of using CSC as reinforcement in polyester 
matrix composites fabrication in order to expand the 
scope of the areas of applications for the material that 
was the main focus. 
 
2. Materials and Methods 

2.1 Materials  

The materials utilized for this work includes: Coconut 
shell, unsaturated polyester resin, Methyl ethyl ketone 
peroxide (catalyst), Cobalt 2% in solution (accelerator), 
Ethanol and polyvinyl acetate (mould releasing agent). 
Table 1 shows the XRF analysis of coconut shell ash. 
  

Table 1. XRF Analysis for the Composition of Coconut Shell Ash  

Element SiO MgO Al2O3 Fe2O3 MnO ZnO Na2O K2O 

Amount (%) 46 18 16 14 0.5 0.6 0.9 1.2 

Source: Ankesh et al.( 2016) 

2.2 Methods 

2.2.1 Procurement and preparation of coconut shell  

          particulate 

Coconut shells were procured from a coconut chips 
producer in Ado Ekiti in Ekiti State, South-West, 
Nigeria. The coconut shell was dried in open air and 
burnt into charcoal in an enclosure. The charcoal was 
divided into two and one part was kept as charcoal while 
the other part was subjected to carbonization at 650 0C in 
a muffle furnace for 3 hours and furnace cooled. The 
collected char and the charcoal were grinded into 
powders with the aid of laboratory ball mill followed by 
sieving with sieve shaker to obtain 150 µm particle 
sizes. The production process products are as shown in 
Figure 1. Carbonization is the production of charred 
carbon from a source material. The process is generally 
accomplished by heating the source material usually in 
the absence or limited amount of air to a temperature 
sufficiently high to dry and volatilize the substance. 
Therefore, CSC was produced by burning the coconut 
shell in the presence of air while CSA was produced by 
burning the coconut shell in the absence of air.  

 
 
 
 
 
 
 
 
      Coconut shell     Coconut shell charcoal        Coconut shell particulate 

Figure 1. Production process products: coconut shell – coconut 
shell particulate 

  
2.2.2 Fabrication of composites   

The composites were developed using open mould 
technique after mixing the materials in the proportions 
presented in Table 2. The coconut shell particulate was 
varied within 1-5 wt.% because previous work has 
shown that the properties of the developed composites 
tend to decrease as the reinforcement fraction increase 
from 5-25 % (Agunsoye et al., 2012). Unsaturated 
polyester, accelerator and coconut shell particulate 
were first blended together before the catalyst is added 
in order to initiate the polymerization reaction. The 
mixture was stirred thoroughly until homogeneous mix 
was achieved through visual observation and was 
poured into the mould. The average time of mixing was 
about 10 minutes. 

 

Table 2. Formulations for the polyester/CS composites  

Materials Composition of developed samples 

Polyester (php) 100 
Coconut shell particulate (php) 1, 2, 3, 4, 5. 
Cobalt 2% solution (g) 4 
MEKP (g) 6 

php - parts per hundreds of total polymer 
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2.3 Property Test  

2.3.1 Measurement of Tensile Properties  

Tensile test was carried out in accordance with 
American Standard Testing and Measurement Method 
D412 (ASTM D412 1983) on Instron Universal testing 
machine. Composite samples with 3 mm thick and of 
gauge length 150 mm were used.  Three identical 
samples were tested for each weight fraction from where 
the average values were used as the representative 
values. 
 
2.3.2 Measurement of Flexural Properties 

Three point bend tests were performed in accordance 
with ASTM D 790 M to measure flexural properties 
using Instron Universal testing machine. The samples 
were of 150 x 50 x 3 mm. Three samples were tested for 
each weight fraction used and the average values were 
taken to represent the actual values. 
 
2.3.3 Measurement of Abrasion Property 

This involves mounting the specimen to a turntable 
platform that rotates at a fixed speed. The samples were 
measured using an analytical weighing balance to take 
the initial weight of the samples. The weighed samples 
was mounted on turntable platform and rotated at 1000 
r.p.m. for 20 minutes each. Thereafter, the weight was 
measured as the final value and the difference between 
the initial and the final value was noted and recorded 
against each samples. The average values were used like 
that of the mechanical properties. 
 

2.3.4 Swelling Behavior (Water Absorptivity Test) 

The composite samples were dried at room temperature 
for six weeks and immersed in distilled water at room 
temperature. The water absorption was determined by 
weighing the samples at regular intervals. The specimens 
were daily taken out of the water, wiped with tissue 
paper to remove surface water and weighed. The 
percentage of water content (Wt) was determined using 
equation 1: 

             (1) 

Where Wt is the weight of sample at time t and Wo is the initial 
weight of the sample. 

 
3. Results and Discussion 

Figure 2 shows the stress-strain curve for the response of 
the materials to tensile behaviour, while Figure 3 depicts 
the ultimate tensile strength (UTS) of the materials. The 
UTS represents the maximum load or stress the materials 
can withstands before fracture and this was seen in 
Figure 1 as the points where there is drop in the curves 
for each sample. The materials exhibit brittle failure 
mode being a thermosetting based, and the reason for the 
observed sudden drop in tensile strength at the peak 
value. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Stress-Strain Curve for Coconut Shell Ash and Charcoal 
as well as the Control Samples 

 
From Figure 3, the UTS of the developed 

composites were enhanced by the addition of the CS 
particulates. The selected particulates were noticed to 
influence the matrix in an inverse trend which was one 
of the reasons for this investigation. The UTS was 
observed to increase as CSA increases while it decreases 
as CSC increases. The increase obtained in CSA 
composites was as a result of strong particles–matrix 
interaction which increases the ability of the particles to 
restrain gross deformation of the matrix. Conversely, the 
decrease in ultimate tensile strength observed in CSC 
composites may be due to increase in discontinuity 
between the particles surface and the matrix as the 
reinforcement content increases.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Variation of Ultimate Tensile Strength with the 
Composites and Control 

 
However, the best ultimate tensile strength potential 

was achieved with the addition of 1 wt% CSC which has 
a value of 21.12 MPa compared to other samples. 
Virtually all the reinforced samples had higher ultimate 
tensile strength compared to the control sample that has 
a value of 7.89 MPa. This implies that, the UTS can be 
enhanced with about 167 % with the use of CSC. The 
observed trend of results can be due to the influence of 
the elemental contents on the weight fractions as well as 
the interfacial bonding strength.  The increase in tensile 
strength of the composites was due to the ability of the 
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particulates of the reinforcement contents used to 
support stress transfer from the polyester matrix.  

As shown in Figure 4, there was almost gradual 
increase in the tensile strain at maximum load as the ash 
content increases up to 4 wt% followed by a decrease at 
5 wt% for CSA samples while a slight decrease was 
followed by an increase as the charcoal content increases 
for the CSC samples. Both composites show increasing 
strain (ductility) as reinforcement content increases. 
From the results, CSA sample possesses better tensile 
strain property than CSC and the control for all the 
reinforcement content except at 5 wt%. Increase in 
reinforcement content of CSA above 4 wt % reduces the 
elasticity of the matrix. This enhances rigidity and 
causes a decrease in tensile strength and ductility as a 
result of restriction in the polymer matrix movement. 
The ductility at break decreased upon filler addition for 
composites regardless the nature of the filler. At higher 
filler content, the domination of filler-matrix interaction 
can be expectable to subside and be substituted by filler-
filler interaction (Salmah et al., 2013). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4. Variation of Tensile strain at maximum load with the 
Composites and Control 

 
The best performance was obtained at 4 wt% with a 

value of 0.024 mm/mm compared to the control with a 
value of about 0.014 mm/mm which culminated to about 
71 % enhancement. This result was in agreement with 
the UTS results in Figure 3 where 1-4 wt% addition of 
CSC was seen to possess better strength than the control. 
The results confirmed the capability of the samples with 
CSC to withstand higher strain than others within 1-4 
wt%. 

Figure 5 shows the response of the materials to 
tensile modulus. Similar trend to UTS in Figure 3 was 
obtained, though; slight changes in trends were noticed 
for both CSA and CSC between 2-3 wt% reinforcement. 
The moduli for both samples at those weight fractions 
were almost the same. From the results, it was seen that 
1 wt% of CSC addition gave the best tensile modulus 
result with a value of 985.39 MPa. The moduli of the 
developed composites were higher than the control 

sample which has a value of 552.74 MPa. The 
enhancement in percentage when compared with the 
developed composites that has the best result being 78 
%.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Variation of Modulus of elasticity with the Composites 

and the Control 

 
The result was in agreement with previous research 

findings in which it was stated that the addition of 
particles from lignocellulosic source increases the tensile 
modulus of the polymer composites. The incorporation 
of hard phase in particulate form tends to restrain the 
motion of the matrix phase in the proximity of each 
particle which consequently contributes to the 
enhancement in moduli and stiffness of the composites. 
The presence of the volatile materials as well as 
moisture which differentiate the CSC from the CSA may 
be responsible for the enhanced tensile properties 
obtained with the use of CSC when compared with the 
use of CSA and the control samples. 

Figure 6 shows the behavior of the materials with 
respect to bending strength at peak. All the composites 
with the exception of the sample with 4 wt% CSA have 
less bending strength at peak value than the control. This 
observed situation only suggests that there is optimum 
value of CSA addition that will give better enhancement 
of the bending strength at peak for the matrix. Though, 
the responses revealed an irregular trends but it was 
observed that, the addition of CSA tends to enhance the 
bending strength at peak as the weight content increases 
up to 4 wt% followed by a decrease while the addition of 
CSC tends to reduce the bending strength at peak as the 
weight content increases. However, it was seen that both 
reinforcements gave enhancement within the intervals of 
even numbers while the odd numbers gave reduction. 
This encourages the use of even numbers at higher 
weight fraction in the fabrication of composites for 
bending strength at peak application using CSA.  The 
highest bending strength at peak was achieved at 4% ash 
particulate with a value of 119.91 MPa compared to the 
control with a value of 101.30 MPa. 

The response of the materials to bending modulus 
was shown in Figure 7. All the CSA samples with the 
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exception of 1 wt% reinforcement gave better bending 
moduli compared to the control which has a value of 
11,517 MPa, while none of the CSC developed 
composites gave enhancement. Coconut shell ash with 
the best enhancement was 4 wt% with a value of 17,742 
MPa which correlates to about 54 % enhancement.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Variation of Bending Strength at peak with the 
Composites and Control 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.  Variation of Bending Modulus with the Composites and 

the Control 

 
The flexural properties of composites depend 

critically on the microstructure of the composite and the 
interfacial bonding between the reinforcement and the 
matrix. In Figures 6 and 7, both flexural strength at peak 
and modulus of the CSA composites were better 
enhanced at 4 wt %. This was due to the strong 
interfacial adhesion/bonding between the particles and 
the matrix which enhances load transfer.  

It was observed in all the mechanical properties 
examined that similar trends were seen for the responses 
of CSA and CSC reinforced polyester composites. The 
properties tend to increases as the reinforcement content 
increases for CSA composites while it tends to decrease 
as the reinforcement content increases for CSC 
composites. Since the responses show a consistency in 
the tendencies of the behavior of the composites, it 
therefore implies that, both elemental constituents and 
weight fraction of these particles have influence on the 

mechanical properties of the developed polyester based 
composites. 

Previous work by Oladele et al, (2013) confirmed 
the possibilities of using agro waste as reinforcement in 
polyester material. The work revealed that different agro 
waste particles can be used to enhance different 
mechanical properties for unsaturated polyester.    

The variation of the samples with abrasion was 
shown in Figure 8. From the Figure, similar trends were 
seen for the two sets of reinforcement used where, it was 
observed that the wear resistance reduces as the 
reinforcement content increases. The wear resistances of 
the developed composites were higher than the control 
sample for all the composites. However, it was seen that, 
the wear resistance of the charcoal was higher than that 
of the ash. This may likely due to the presence volatile 
materials that aid good interfacial bonding strength. The 
control sample showed the highest wear rate with a 
value of 0.0434 g while the sample with the best wear 
resistance was 1 wt% CSC with a value of 0.0162 g. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 8. Variation of Abrasion property with the Composites and 
the Control 

 
The relationship between water absorption and 

reinforcement content for Polyester/CS composites at 
different content of CS was shown in Figure 9. The 
Figure displayed the rate of water absorption on daily 
basis for 7 days from where it was seen that 2 wt% CSA 
reinforced sample demonstrated the best water resistance 
potential. All the composites show a similar pattern of 
water absorption where initial rapid water uptake was 
followed by gradual increase until equilibrium water 
content is achieved. Though the water absorption 
potentials seem alike for the control as well as the 
developed composites, however, it was observed that 
most of the composites absorbed less water than the 
control. Though CS is from agro-fibers which are 
strongly hydrophilic with many hydroxyl groups (–OH) 
in their structures and, this is usually responsible for 
moisture absorption, the treatment have eliminated this 
groups and therefore, exhibiting hydrophobicity.  
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Figure 9. Variation of % water absorption property with the 
Composites and Control 

 
Figures 10 and 11 displayed the SEM and EDX of 

the fractured surfaces of CSA and CSC reinforced 
composites from secondary electrons images at 15.0 kv, 
respectively. The SEM revealed that the CS particles 
were well dispersed within the polyester matrix and this 
support the reasons why the composites possess better 
properties compared to the control samples. The 
elemental compositions shown by the EDX from the two 
processed CS particles revealed that the pyrolysis 
actually removed some elements like Sodium, 
Phosphorus and Sulphur which were present in the CS 
charcoal while the ash particles were noticed to contain 
Molybdenum which was not present in the charcoal. The 
elements that were present in the two particles were 
observed to either increase or decrease after the 
treatment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10. SEM and EDX of CSA reinforced composite 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11. SEM and EDX of CSC reinforced composite 

 
While Carbon, Oxygen and Chlorine were reduced 

after the treatment, Aluminium, Silicon, Potassium and 
Calcium increase. Therefore, the presence of these 
increased elements CSA may be responsible for the 
enhancement obtained in flexural and water absorption 
properties of the developed CSA composites compared 
to others.        
   
4. Conclusion 

It was discovered from the results that reinforced 
polyester composites exhibited better properties than the 
unreinforced polyester material that serves as the matrix. 
There were consistent trends on the influence of the CS 
particles on the composites of mechanical, abrasion and 
water absorption properties which confirmed that the 
effect of these particles on these composites properties 
was real.  

The addition of 1 wt% CSC particulate to the 
polyester matrix composites gave the best results in 
terms of tensile and abrasion properties while the 
addition of 4 wt% CSA gave the best results in terms of 
flexural and water absorption properties.  This implies 
that, reinforcement content with the optimum perform 
for CSC composites was 1 wt% while 4 wt% gave the 
optimum performance in CSA composites. 

The best enhancement from coconut shell charcoal 
particulate in tensile and abrasion properties confirmed 
that this reinforcement source has the potential for 
polymer composites development, and hence, can be 
further exploited. 
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As part of the material base for automobile 
industries, both CSC and CSA particulates can be used 
for the development of polyester composites for both 
interior and exterior automobile parts which will serve as 
part of the drive for the inclusion of eco-friendly 
materials in automobile parts. 
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Abstract: Project management (PM) has always been a discipline dominated by the guidelines espoused in the various 

professional bodies of knowledge and the literature dominated by those who generated the practices.  The result has been the 

establishment of paradigms that were suited to the engineering and construction industries.  However, there has been rapid 

growth in the utilisation of projects and the accompanying project management applications in organisations outside of 

these industries.  The challenges faced by various organisations reveal that the traditional approach of the discipline which 

was originally designed to manage engineering and construction projects might not accommodate the growth of PM 

practices in other industries.  This has led to a rethinking of PM and also demands for new paradigms to meet the PM needs 

in varied business/organisational settings. This paper discusses some current challenges faced in organisations, and 

identifies the changing nature of projects and the PM environment that support a rethinking of PM, particularly for 

business/organisational projects. Two contemporary PM perspectives, namely, ‘Projects as Temporary Organisations’ 

(PTO) and ‘Management of Projects’ (MoP), are advocated. The paper then discusses the need to integrate strategic 

alignment, project dynamics and value creation, into a generic model for managing projects in organisations. Future work 

would focus on evaluating the efficacy of the model with empirical evidence. 

Keywords: Contemporary perspectives, project management practices, generic model, strategic alignment 

 
1.  Introduction 

“Nowadays, it is hard to imagine an organisation that is 
not engaged in some kind of project activity” (Maylor et 
al. 2006, 663) as it could be found almost everywhere 
(Gustavsson and Hallin 2015, 368-371).  This increasing 
popularity of the concept of projects over the years is in 
response to the changing management environment, so 
much so that projects have emerged as the common 
approach to organising work within the organisation. 

Traditionally, recent studies on project management 
were focused on construction and engineering projects 
and on project efficiency including planning, structure, 
order and control (Hyatali and Pun, 91-82).  However, 
many researchers have not only noted the surge of 
interest in project organising and PM over the years but 
expanded interest outside of the traditional sectors of 
construction and engineering (Maylor et al. 2006, 664).   

Despite its widespread use since the turn of the 21st 
century, PM has, however, become difficult to integrate 
into traditional management disciplines (Garel 2013, 
663) as the current approaches appear ill-equipped to 
address contemporary challenges. This has given rise to 
some real challenges for practitioners and academics 
alike. The purpose of this paper is to identify from the 
prevailing theories/perspectives, those concepts that 
seem best suited to address the particular challenges of 

today’s organisations.  This paper begins by highlighting 
from the literature some of these challenges faced by 
organisations in managing projects, it then looks at two 
theories being espoused to address the shortcomings of 
the discipline, as well as the changing nature of projects 
and the PM environment that support a rethinking of PM 
particularly for business/organisational projects. A 
generic model that integrates the concepts of strategic 
alignment, project dynamics and value creation is 
advocated as a guide for managing projects. 
 
2. Traditional Approach to Project Management 

According to Ackermann and Alexander (2016, 891), 
despite the wealth of information and research in PM, 
including the availability of various PM handbooks and 
guides, there are still gaps in our knowledge of projects.  
Authors continue to stress the need for new approaches 
to research in PM to fill these gaps since conventional 
approaches to researching projects are “insufficient to 
provide a comprehensive understanding of project 
phenomena.” Challenges in managing projects, within 
the organisational setting, have been intensifying . The 
traditional model of PM is struggling to adapt and this 
has resulted in the need for a rethinking of the PM 
perspective. 
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2.1 Challenges of Managing Project in Organisations 

In 2000, Morris conducted an analysis of 763 papers and 
book reviews from the Project Management Journal, the 

Project Management Network, and the International 

Journal of Project Management between 1990 and 2000 
and concluded that “there is a need, fundamentally, to 
refocus the discipline and its research paradigm … [and 
a] need to understand better, in particular, the linkages 
between project management and business performance 
…” (Winter et al. 2006b, 641).  The review of the 
literature carried out by Hyatali and Pun (2016, 81) from 
2000 to 2014 further supported this view. These authors, 
through a search of the literature within two databases 
(Ebscohost and Emerald Insight) from 2000 – 2014, 
identified the extent to which the challenges in PM have 
grown. Their analysis revealed that the number of 
publications related to discipline of PM increased in the 
mid-2000 with a significant number of articles (967) 
focussing  on the challenges in PM.  They submitted that 
although the use of projects and PM has increased over 
the past 14 years, the discipline is still being confronted 
with many challenges (Hyatali and Pun 2016, 82).   

While some of these challenges still relate to project 
success and performance, there are issues increasingly 
related to the organisational setting.  Some of these 
organisational PM challenges include managing projects 
in the areas of information technology; team dynamics; 
customer satisfaction; communication; and quality.  

Some of the specific challenges that were identified as 
associated with the application of the discipline within 
the organisational setting are highlighted in Table 1. 
Factors affecting PM practices include: management 
commitment related factors, leadership related factors, 
team dynamics related factors, human resource related 
factors, and other organisational related factors (such as 
physiological factors, cultural, structural, 
communication, lessons learned, and level of maturity). 

Hyatali and Pun (2016) suggested that one reason 
for this could be due to PM practices now being applied 
in non-traditional areas or areas in which the practice 
was not originally developed to manage.  Their analysis 
supported this view, as the search revealed that many of 
the articles relating to challenges in PM were found in 
various management and social science related journals 
which spanned a wide range of subject areas (such as 
business management, information technology, and 
knowledge management). This is an indication of the 
widespread use, acceptance and application of the 
practice within the non-traditional disciplines.  The 
journal with the highest concentration related to the 
discipline was in the International Journal of Managing 

Projects in Business which further supports “the shift in 
the use of PM from the traditional areas of focus in the 
construction industry to other businesses and sectors” 
(Hyatali and Pun 2016, 82). 

 

Table 1. Excerpted Views of Managing Challenges in PM 

Author(s) Views PM Challenges 

Hides et al. (2000) Commitment by both management and employees as essential to PM success within the 
organisation. 

Management 
Commitment 
Related Factors Harding (2012) Commitment of essential resources to the project. 

Hides et al. (2000) Leadership as critical to project success. Leadership Related 
Factors Pressman (1998) Project success is about the person leading the team. 

Perkins (2006) Project managers’ abilities and their inability to apply their knowledge impact negatively on 
projects and their management within the organisation. 

Harding (2012) Proper support network comprising PM and subject matter experts that the project manager 
can contact or call upon to give advice. 

Team Dynamics 
Related Factors 

Cicmil (2000) Choosing appropriate personnel and the compatibility of the members selected for the project. 

Hides et al. (2000) Training of the team members to generating company-wide employee commitment. 

Cerpa and Verner (2009) Factors that can de-motivate team members. 

Hides et al. (2000) Six human factors that can affect PM practices in an organisation; training employees in skills 
to which they are best suited enhances their role or level of competency; competence 
development and empowering of employees. 

Human Resource 
Related Factors 

Hide et al. (2000) Organisational physiological factors such as structures, functions, performance and human 
behaviour (group and individual). 

Other 
Organisational 
Related Factors Yazici (2009) Organisational culture impact on the project performance and on the organisation. 

Ritter (2008) Organisational structure, and culture and style also influence the project. 

Harding (2012) Effective communication within the organisation can contribute to PM performance and 
project success. 

Newell (2004) Sharing the lessons learned from previous projects with future project team members. 

Cerpa and Verner (2009) Learning from failed projects due to post-mortems not carried out on projects as well as 
ignoring lessons learned from past projects. 

Yazici (2009) and Ritter 
(2008) 

Level of maturity that an organisation has with regard to managing projects impacts on the 
performance of the project and its management. 

Pinto and Mantel (1990) Identifying and understanding the causes for project failure. PM Related Factors 

Cicmil (2000) Reasons for project failure. 

Source: Abstracted from Hyatali and Pun (2016, 86) 
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2.2 Changing Concept of Projects and PM 

The increased use of the concept of projects within the 
business setting over the years has been in response to 
the changing management environment. These changes 
have been brought about by rapid development in 
technology and communication.  In an effort to function 
effectively in such a complex environment, 
organisations have had to embrace unique strategies.  
Strategies such as adopting flexible structures to respond 
to their dynamic environment and remaining in a 
constant state of flux to improve their business processes 
could help organisations gain competitive advantage 
(Turner 2009, 1).  The appeal of the project approach is 
attributable to the fact that projects are able to deliver 
change in a fast and flexible way that cannot be achieved 
in the routine organisations (Turner 2009, 3).  As such, 
organisations have increasingly applied project and PM 
tools, techniques and procedures to implement their 
strategies and as a means of delivering change within the 
organisation (Turner and Muller 2003, 3). 

Even Mishra et al. (2011, 356) observed that 
organisations were increasingly depending on projects 
and PM to achieve operational excellence and business 
growth and that project success “has become vital in the 
context of competition and decreasing margins.”  
Despite this increased application of PM in the 
traditional management disciplines, however, it was not 
until the early 1990s, that the organisational perspective 
to PM research was introduced (Gustavsson and Hallin 
2015, 368-370).  It was at this time that researchers 
began to question this perspective because “the 
empirical context of what is called ‘a project’ has 
changed … and many projects do not fit into the 
traditional project characteristics” (Gustavsson and 
Hallin 2015, 371). This can be attributed to the fact that 
“projects are becoming larger, more complex and 
widespread [where] increasingly projects extend beyond 
the individual firm or organisation” (Maylor et al. 2006, 
664) 

Traditionally, the concept of projects was with 
reference to some physical structure, product or system, 
etc. that needed to be engineered based on specification, 
cost and time.  Table 2 includes some of the traditional 
concepts/definitions of projects.  However, according to 
Winter et al. (2006a, 699), a broader class of projects 
and programmes have emerged in areas such as 
organisational change and IT, integrated business 
solutions, and long-term public service delivery.  The 
authors suggested that these projects, which are often 
referred to as ‘business projects’ are a new class of 
projects (and programmes) which reflect “a growing 
conceptual shift away from the traditional engineering 
view of projects, towards a more business-oriented 
view.” These business projects are therefore viewed as 
much broader in purpose and scope with their primary 
emphasis being on value creation as opposed to product 
creation (Winter et al. 2006a, 700).  It is a “shift away 

from the traditional engineering view towards a more 
value-centric view” where the primary concern is 
“increasingly the challenge of creating value and benefit 
for different stakeholder groups” (Winter et al. 2006a, 
700). 

The traditional approach has been condemned by 
many as being an ‘inward-looking’ perspective of the 
PM discipline, as its primary concern is with the project 
life cycle and project success which is measured by the 
triple constraints of cost, time and scope.  This approach 
was initially developed for the traditional engineering 
and construction type projects and it has now been 
highly criticised within the literature as it continually 
neglects relevant theoretical developments in other 
disciplines. It has been suggested in the literature that 
there is a need for the development of a more ‘outward-
looking’ perspective in relation to business projects 
through other disciplines (such as change management, 
and knowledge management).   
 

Table 2. The traditional concept of projects 

A project involves a group of people working to complete a particular 
end product, or to achieve a specific result, by a specified date, 
within a specified budget and to meet a specified standard of 
performance (quality) 

[A project] achieves a clear objective against a time scale 
[A project is] an endeavour in which human, material and financial 

resources are organised in a novel way, to undertake a unique scope 
of work, of given specification, within constraints of cost and time, 
so as to achieve beneficial change defined by quantitative and 
qualitative objectives. 

A project is an endeavour, to accomplish a specific objective through 
a unique set of interrelated tasks … A project has a well-defined 
objective – an expected result or product.  The objective of a project 
is usually defined in terms of scope, schedule, and cost 

[A project is] a unique process, consisting of a set of coordinated and 
controlled activities with start and finish dated, undertaken to 
achieve an objective conforming to specific requirements, including 
the constraints of time, cost and resources. 

  Source: Extracted from Winter et al. (2006a, 700) 

 
3. The Emerging Perspectives in PM 

A major concern for the PM discipline is that there is no 
real established theory on which to base the discipline.  
As Winter et al. (2006b, 640) explained, there are 
several theoretical approaches and some of them 
overlap. There are three dominant approaches: the 
traditional view which emphasises the planning and 
control dimensions of PM; the view of projects as 
temporary organisations; and the ‘management of 
projects’ view which emphasises the front-end approach 
to managing projects.   
The first approach is the most dominant strand of 
thinking found in the literature and within the 
established methodologies.  Since the main highlights of 
this approach were already discussed, the other two 
approaches would be discussed briefly in the following 
sections. 
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4.1 Projects as Temporary Organisations (PTO) 

In the literature, research within the disciple has led to 
the emergence of new concepts regarding projects and 
PM.  One such concept is the development of a more 
‘realistic’ definition of a project. The Project 
Management Institute (PMI 2014, 4), for instance, 
defines a project “as a temporary endeavour undertaken 
to create a unique product or service.”  Similar variations 
of this definition have been used by practitioners and 
researchers alike for many years.  However, there is now 
an ongoing debate which suggests that this definition 
does not quite reflect the true nature of a project.    

Turner (2009, 2) defined a project as “an endeavour 
in which human, financial, and material resources are 
organised in a novel way to undertake a unique scope of 
work, of given specification, within constraints of cost 
and time, so as to achieve beneficial change defined by 
quantitative and qualitative objectives.” In this definition 
the focus was on the features shared by projects – unique 
(no project exists exactly like it); novel (no project 
would use exactly the same approach); and transient (it 
has a start and an end).  Many classical definitions of 
projects are based on a similar concept, on the triple 
constraints of cost, time and scope or quality as criteria 
for project success (Turner and Muller 2003, 1 and 
Mishra et al., 2011, 357). 

Lundin and Soderholm (1995) came up with a 
theory of the temporary organisation which essentially 
provides “a theoretical discussion of short-term 
organisations” and “provide a complement to the 
normative models in traditional project management 
literature.”  The authors envisaged projects as temporary 
organisations rather than tools for achieving unique, one 
time tasks (Gustavsson and Hallin 2015, 368-370).  They 
saw temporary organisations as action-oriented instead 
of decision-oriented and a progression towards a more 
‘organising’ way of thinking about the organisation 
opposed to the more common ‘entity’ way of thinking 
(Jacobsson et al. 2013, 576). 

This theory presented four key basic concepts – 
time, task, team and transition – characteristics of 
projects that could be used to distinguished temporary 
organisations from permanent organisations, that is, they 
separate the temporary organisation from the other 
settings within the organisation (Jacobsson et al. 2013, 
578).  This concept is illustrated in Figure 1.  This theory 
has become a popular way of defining a project based on 
these four ‘Ts’ which characterise a project in terms of 
“being limited in time and having a fixed deadline; 
aimed at a unique, specified, measurable, accepted and 
realistic task; achieved through the work of a selected 
team; and involving a transition from a ‘before’-state 
which is different from an ‘end’-state” (Gustavsson and 
Hallin 2015, 371). 

Based on this theory and also along a similar vein to 
that of Cleland and Kerzner’s (1985) definition of a 
project as “a combination of human and non-human 

resources pulled together into a temporary organisation 
to achieve a specified purpose” (Turner and Muller 
2003, 2), Turner (2009, 2) altered his definition and 
adopted a less prescriptive definition of a project as “a 
temporary organisation to which resources are assigned 
to do work to deliver beneficial change.”  In this 
definition, the nature of projects is considered as: a 
production function; a temporary organisation; an 
agency for change; an agency for resource utilisation; 
and an agency for uncertainty management.  According 
to Turner (2009, 2), the concept of the project as a 
temporary organisation suggests that a new organisation 
is created with the required resources to achieve some 
vision of a future state and once this state is achieved, 
the organisation would be disbanded. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Recasting of the temporary organisation model 
Source: Extracted from Jacobsson et al. (2013, 582) 

 
In the classic definitions of a project, the project’s 

role was one of a production function where projects are 
viewed as a collection of plans, with managerial 
oversight, purchasing and selling the inputs and output 
of the project on the open market, and maximising 
benefits or value for the owner.  As a temporary 
organisation, the project is however established by the 
principal or parent organisation as an agency to achieve 
specific objectives. As a temporary organisation, 
projects could overcome the resistance to change, could 
respond better to the uncertainties within the change 
process because of their flexibility and were better suited 
to managing the change, unlike functional organisations 
(Turner and Muller 2003, 2-4). Projects were also seen 
as more effective at assigning and managing resources to 
facilitate change within the organisation (Turner and 
Muller 2003, 4). The temporary organisation was also 
better suited to addressing the three pressures in projects 
– uncertainty (in terms of delivering the desired 
outcome/change), the need for integration (between the 
parts of the project and with the business) and urgency 
(due to prescribed timescale). 

In a later research note, Lundin and Soderholm 
(2013, 591-592), believed that the debate over the true 
nature or definition of a project is still raging. They 
argued that when the current use of the word ‘project’ 
was analysed they found that it had several meanings. 
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They found that it could be used to signify an emphasis 
on activities rather than an emphasis as a plan and that it 
can vary based on context.  They also found that the 
meaning does not always share the characteristics of 
task, time, team and transition but can be based on other 
aspects (such as, expectations, goals, control and 
choices) which may affect how the project is perceived.  
It is based on these types of projects that the ‘end state’ 
is now considered an important characteristic.   

It is believed that this concept of end state within a 
project changes based on how the operation develops 
(Lundin and Soderholm 2013, 590).  That is, the notion 
of end state in projects gets “reconsidered and revised 
several times over the life span of the project” (unlike 
projects performed in project-based businesses which are 
fairly stable with regard to their end state) as it 
highlights “how the idea of a project travels with time” 
(Gustavsson and Hallin 2015, 374).  In addition, Lundin 
and Soderholm (2013, 593) believed that the notion of 
end state theoretically opens up the project process as a 
process within the organisation. 

Gustavsson and Hallin (2015, 369-371) challenged 
this theory of projects as a temporary organization, 
arguing that as organisations are restructured to keep 
abreast with their changing environment, projects today 
have become more of a mainstay as opposed to being 
temporary. That is, the projects are more permanent than 
the parent organisation because they live on while the 
parent organisation does not survive.  In these types of 
projects, “detailed goals are developed, negotiated and 
renegotiated during the progress of the project, rather 
than at an initial stage of the project, as normative 
project management models proposes.” 

Winch (2014, 721) similarly challenges this view of 
projects as being temporary, claiming that the view of 
‘project organising as temporary’ has limited the 
development of research. Arguing that matrix 
organisations (an unstable form where the temporary 
organisation was superimposing on the functional 
organisation), project ecology (a pool of expertise within 
the organisation which could be mobilised for projects) 
and projectification (changing the organisation towards 
management by projects) are all based on the interaction 
between the temporary project organisation and the 
permanent organisations that resource it (Winch 2014, 
723).  

Moreover, Winch (2014) developed a conceptual 
framework based on three (3) domains of project 
organising (see Figure 2).  The first domain is the 
owners (those who invest in the projects) and operators 
(those who perform the project related activities).  These 
owners/ operators operate as permanent organisations 
and in these organisations projects are not the core 
business but are used to extend the core business.    The 
second domain is the project suppliers (those hired to 
perform project related services and supply the human 
and material resources) also referred to as project-based 
firms. Here, projects are used to work on complex, 

innovative tasks for clients. For these project-based 
firms, their core business is projects and these project 
organisations are permanent organisations. The third 
domain refers to project and programmes as temporary 
organisations created to perform the projects. Their 
model illustrates the interface between each of these 
three domains – governance (which includes portfolio 
management), commercial (which includes business 
models) and resourcing (which refers to resource 
allocation) (Winch 2014, 723-725). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Three domains of project organising  
Source: Abstracted from Winch (2014, 725) 

 
Similarly, the research note by Jacobsson et al. 

(2013, 577), while supporting the 1995 theory by Lundin 
and Soderholm, argued that research had shifted from 
the development of the theory of the temporary 
organisation being focused on “an organising inspired 
way of thinking” towards a focus on contextual issues.  
The authors sought to remedy this by placing their 
research emphasis on “the temporary organisation as a 
transitory unit within the permanent organisation – 
hence taking on an intra-organisational perspective.” 
They considered that from an intra-organisational 
perspective, it would seem very unlikely that the 
temporary organisation exists detached from the 
permanent organisation;  the reason being that 
“temporary organisations tend to exist in, or [are] closely 
linked to, permanent organisations … thus, the 
temporary organisation can conceptually be seen as a 
form of transitory unit in the permanent organisation [as 
such] the theories of temporary and permanent 
organisations should potentially converge or be 
interlinked” (Jacobsson et al. 2013, 579). 

Jacobsson et al. (2013, 584) recommended that 
within the field, the focus of future theory development 
should be on ‘temporary organising’ rather than the 
temporary organisation as only a unit—a  position 
supported by Gustavsson and Hallin (2015, 369) who 
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claimed that this view is one of a process philosophical 
perspective and as such is focused not on the ‘goings-on’ 
of the temporary organisation but on the changes in the 
temporary organisation.  That is, the project is seen as a 
process which is continuously changing and constantly 
in motion as opposed to stable.  This they claim makes 
the concept of ‘end state’ expressed by Lundin and 
Soderholm “insufficient to truly capture the processual 
nature of temporary organising, regardless of their claim 
that ‘the notion of end state …opens up the project 
process as a process’.” Gustavsson and Hallin (2015, 
374) added that the concept of ‘trajectory’ (instead of 
‘transitions’) could be used.  Trajectory for temporary 
organisations is defined as “the path that the temporary 
organisation follows across time and space; a path that is 
dependent on time and space.” Here the concept of 
trajectory implies a shift in focus to ‘temporary 
organising’ where the reasons for the changes that take 
place during the actions undertaken in the name of the 
project are explored. 

On the other hand, Artto (2013, 597), challenged 
Jacobsson et al. (2013)’s views regarding the converging 
of the temporary and permanent organisation. He argued 
that if the permanent organisation participates in 
organising the action of the temporary organisation then 
it becomes part of it and “the boundaries between these 
two organisations become diffuse and these two 
organisations ‘become one’ where the permanent and 
temporary cannot be distinguished as separate parts.”  In 
this case, the temporary organisation is viewed as a 
resource for performing the activities and works that are 
pre-planned by the permanent organisation. 
 
4.2 Management of Projects (MoP) 

Morris (1994) proposed a significant reconceptualisation 
in the field of PM both in its theory and practice with the 
introduction of his ‘Management of Projects’ (MoP) 
perspective (Pinto and Winch 2016, 237).  This approach 
was a rethinking of the way in which organisations 
structure and manage their projects by identifying “a 
broader, more comprehensive understanding of the 
principal project management activities and interfaces 
required for project success.” Morris’s (1994) approach 
moved away from the focus on PM tools and techniques 
towards the strategic issues which he argues are the 
organisational requirements of achieving success for the 
organisation(s). Figure 3 outlines this framework. 

The traditional approach to PM which is the PMI’s 
Project Management Body of Knowledge (PMBoK) 
model is referred to by Pinto and Winch (2016, 238) as 
the “settled science.” This execution-oriented approach 
focuses mostly on the delivery of the project (initiate, 
plan, execute, monitor and control, and close) and 
ignores other key areas such as the critical front-end 
activities and “the larger context within which the 
project is idealised, validated, and shaped by multiple 
stakeholder forces.” It views PM as a delivery system or 

technique-laden toolbox.  This approach has also been 
criticised by scholars as an approach that may have held 
true at one time and for specific classes of project, such 
as construction, but with the emerging modern PM, the 
demands placed on project managers have increased and 
have shown the traditional model to be a “myopic and 
far-too-limiting way of viewing the real role of the 
project manager” (Pinto and Winch 2016, 240). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Management of Projects Framework  
Source: Extracted from Pinto and Winch (2016, 238) 

 
According to Morris (1994), current research does 

not focus on the integrative level of PM but rather 
focuses on particular aspects of the management of 
projects (Pinto and Winch 2016, 241) and he believed 
that in developing projects they need to be fully defined 
and linked to the critical elements of the organisation.  
He conceptualised PM as partnering with other 
managerial disciplines towards developing the internal 
and external critical actions and interfaces essential to 
project success.  The critical interface of his approach 
therefore occurs at the institutional level where the 
interaction is between the project and the larger business 
and general environment within which the project is 
operating.   

Morris’s (1994) view has been widely accepted, 
resulting in a body of research “known as the ‘shaping’ 
of project front ends.”  His MoP perspective focusses on 
the front-end development of the project where the 
project definition and targets are established and where, 
Morris believed, management needed to concentrate 
(Pinto and Winch 2016, 239).  It is during this phase that 
the strategic alignment issues are considered and the key 
organisational elements (such as structure and people) 
are decided.  Morris even identified a ‘meta’ lifecycle 
which has several stages, namely concept, feasibility, 
definition, execution and close-out. However, managing 
the front-end is only one feature of the definition stage: 
it is linked to a variety of other functions such as 
commercial assessment (securing supply chain partners), 
technology management (conducting adequate 
requirements analysis), strategy and financing (aligning 
corporate strategic goals with project goals) and 
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organisational accommodations for the project (human 
resource requirements). 

Another significant part of the MoP framework is 
stakeholder management “both to the critical front-end 
of project definition as well as linking to important 
institutional level and environmental actors that can 
influence project development” (Pinto and Winch 2016, 
242).  This has implications on the remit of the project 
manager and their competencies as the MoP perspective 
identifies more clearly the broader nature of the 
challenges for modern project managers in today’s 
complex and rapidly changing business environment.  
For instance, project managers now need to include tasks 
such as supply chain development, requirements 
management or contracting as well as the competencies 
to plan, organise, and deliver projects aimed at 
maximising value for stakeholders (Pinto and Winch 

2016, 240). Pinto and Winch (2016, 243) contend that 
the theory of temporary organisation is “inadequate from 
the MoP perspective” whereas two recent perspectives, 
organisational PM and three domain, may lend support 
to the MoP perspective.  The first looks internally at PM 
as a function within the organisation and “emphasises 
issues such as the relationship between the overall 
strategy of the organisation and its projects, levels of 
maturity in project capabilities, the importance of 
portfolio management, governance and the role of 
project sponsors” (Pinto and Winch 2016, 243).  The 
three domain perspective (the highlights of which were 
previously discussed) looks at the relationship of the 
agencies in coalition projects to determine the 
contribution of each to the overall management of the 
project.  Table 3 summarises research findings on the 
MoP perspective. 

 

 

Table 3. A summary of research findings on the MoP perspective 

Author(s) Brief Highlight of the Abstracts 

Pinto and Winch 
(2016) 

This paper looks at how the MoP perspective “unsettled” the traditional approach which focuses on tools and techniques 
and which the authors refer to as “settled science” of PM.  It looks at some of the research that has been influenced by this 
perspective and the key areas for future research needed to reassess PM thinking. 

Fellows and Liu 
(2016) 

This paper builds on Morris’s contribution on “the importance of the early stages of a (possible) project”, that is, the front-
end project stages which the authors argue are where “risks, uncertainty, ambiguity and unknown are greatest.” They see 
projects as cross-cultural and complex and the differences in participants’ perception and understanding based on how they 
make sense of problems/issues as important contributions to projects. 

Arrto et al. 
(2016) 

This paper looks at Morris’s view regarding “value creation for project stakeholders using project outcome” which the 
authors see as “an attempt to link the front-end of the system lifecycle – the project phase – to the back end i.e. the 
operations phase.”  They use the system view to analyse value creation mechanisms within the system lifecycle.  They 
carry out empirical research to identify value-enhancing integration mechanisms and propose new PM approaches that 
create value. 

Winch and 
Leiringer (2016) 

This paper addresses Morris’s theme regarding research on the management of major projects.  The authors focus on 
transportation infrastructure projects and the contribution of the ‘strong owner’ to project performance.  They develop a 
framework which provides “the basis for a research agenda on the role of the owner of the infrastructure assets in 
achieving high performance on transportation infrastructure projects.” 

Klakegg et al. 
(2016) 

This paper focuses on the work of Morris regarding the behavior of complex public and public-private projects.  It 
concentrates on the front-end stage as purported by Morris since the authors consider this stage to be most important in 
establishing the success of major projects.  The authors examine the development of the governance of major public 
projects in three European countries (UK, Norway and the Netherlands) and examine “to what extent it can be argued that 
the challenges of major public projects have been resolved. 

Samset and 
Volden (2016) 

This paper also applies Morris’s views that recognises the importance of front-end decision making in facilitating long-
term success of projects.  The author focuses on the importance on the choice of concept to successful projects.  They 
present some of the findings that have emerged from “the Concept research programme on front-end management and 
governance of major public investment projects in Norway. 

Davies and Brady 
(2016) 

This paper is based on the contributions by Morris underlining the role of people, knowledge and experience in the 
successful management of projects.  It “provides the foundation to guide future research on project capabilities based on 
three main contributions.”  The authors suggest that “project capabilities are developed and mobilised to deal with the 
variety of contingent conditions facing an organisation …distinguish between project capabilities at the operational and 
dynamic capabilities at the strategic levels of an organisation … [and] suggest that the relationship between dynamic and 
project capabilities is reciprocal, recursive and mutually reinforcing.” 

Bresen (2016) This paper was “inspired by Peter Morris’s major contribution to the field of project management,” particularly his early 
work regarding the complex relationship between project tasks and existing “institutional arrangements established for the 
governance of construction projects.”  The paper “highlights the diversity and complexity … of project management 
practice, theory and research and harnesses these ideas to highlight the opportunities and tensions this diversity creates.” 

Whyte et al. 
(2016) 

This paper utilises Morris’s views on the up-front planning in the management of large complex projects to analyse the 
practices for managing change in “organisations [that] deliver complex projects, rely on digital technologies to manage 
large data-sets; and use configuration management … to establish and maintain integrity.” 

Hodgson and 
Paton (2016) 

This paper builds on Morris’s work “to develop project management as a profession, with particular concern to bridge the 
rift between abstract theory and practice.”  It explores “how project managers rely in part on the authority and expertise of 
the profession and in part upon technical expertise and industry/organisational experience to perform their role, and how 
the two are reconciled.” 

Morris (2016) This paper, by Morris himself, reflects on the other papers published in the Festschrift for Peter Morris and on his personal 
perspective on the discipline. 
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Samset and Volden (2016, 297-299), for instance, 

supported Morris’s focus on the critical front-end and 
institutional elements. Their research looked at project 
governance (the processes, systems and regulations that 
must be present to ensure project success) rather than 
PM (the processes traditionally used to organise and 
manage the resources required in a project within the 
constraints of time, cost, scope and quality). They 
utilised the findings from their ‘Concept Research 
Programme’ which was designed to focus on the front-
end management of various public projects.  From the 
findings they identified ten paradoxes which have 
implications for both project governance and the theory 
of PM.  The common thread throughout these paradoxes 
was that they stressed the importance of establishing the 
project concept at the initial stage of the project. 

Artto et al. (2016, 258), on the other hand, 
supported Morris’s call for value creation for project 
stakeholders through the use of project outcomes;that is, 
creating value by achieving the desired outcomes of the 
project sponsor and stakeholders.  They sought to do this 
by linking the front-end or the project phase of the 
system lifecycle to the back-end or operations phase. 
Similarly, Laursen and Svejvig (2016, 736) in their 
investigation of the literature looked at the project value 
creation perspective to determine what already exists “to 
provide a comprehensive overview of the most salient 
concepts within project value creation, to present 
direction for future research”.  
 
3. A Rethinking of Project Management 

The increasing criticisms of the PM discipline with 
regard to “its lack of relevance to practice and, 
consequently, to improved performance of projects 
across different industrial sectors” (Winter et al. 2006b, 
638-9) resulted in the development of a research network 
entitled Rethinking of Project Management: Developing 

a New Research Agenda between 2004 and 2006.  The 
Network, as it was referred to, responded to some of 
these criticisms and the need for new perspectives on the 
PM concept to “enrich and extend the field beyond its 
current intellectual foundations, and connect it more 
closely to the challenges of contemporary project 
management practice” (Winter et al. 2006b, 639). 

The Network developed a framework based on the 
comprehensive analysis of all the research material 
collected and produced over a 2-year period. The 
findings indicated five directions for future research in 
PM and identified that new concepts and approaches 
were needed in the areas of: project complexity, social 
process, value creation, project conceptualisation and 
practitioner development. The directions for future 
research were to be undertaken through: theory about 
practice (theory which helps understand the practice); 
theory for practice (theory with practical application) 
and theory in practice (theory on how practitioners learn 

and practice the craft).  Figure 4 outlines these directions 
in greater detail.  Each area was also examined in terms 
of their impact on seven (7) identified themes: 
projectification, programmes, the actuality of projects, 
uncertainty, business projects, professionalisation, and 
practitioner development (Maylor et al. 2006, 636). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Directions for Future Research 
Source: Extracted from Winter et al. (2006a, 642) 

 
The most common pattern to emerge from the 

inputs of the practitioner was the utter complexity of 
projects and programmes across various sectors and 
levels comprising a wide range of aspects including “the 
multiplicity of stakeholders, and the different agenda, 
theories, practices and discourses operating at different 
levels within different interested groups in the ever-
changing flux of events.” Given this increasing 
complexity of projects, the classical lifecycle model, it 
was argued, “cannot be perceived as an all-
encompassing representation of actual practice.”  It was 
suggested that a new way of thinking was needed that 
would extend the understanding of the actual reality of 
projects and PM practice that would assist practitioners 
with actually dealing with complexity in the practice 
(Winter et al. 2006b, 643). 

Another strong pattern that was identified was that 
‘real’ projects and programmes were much more 

 



N. Hyatali and K.F.Pun: Exploring Contemporary Perspectives for Managing Projects in Organisations: A Review  80 
 

complex, unpredictable and multidimensional than the 
rational, deterministic model identified in the literature.  
It was suggested that a new way of thinking which 
related to the actual complexity of projects at all levels 
was required.  One that focused on aspects such as: “the 
ever-changing flux of events, the complexity of social 
interaction and human action, and the framing and 
reframing of projects and programmes within an 
evolving array of social agenda, practices, stakeholder 
relations, politics and power” (Winter et al. 2006b, 644). 

The third most common theme identified was “the 
increasing emphasis within organisations on value 
creation, rather than product creation, as the overall 
focus in the management of projects”.  It was identified 
that the main concern for many organisations is now no 
longer the capital asset, system or facility, etc. but rather 
the challenge of linking business strategy to projects, 
managing the delivery of benefits in relation to different 
stakeholder groups, and maximising revenue generation 
(Winter et al. 2006b, 644). It was argued that research 
was needed to identify the different forms of value and 
develop new models of value creation that go beyond the 
traditional ‘value chain’ approach used in production 
and manufacturing. 

Yet, another direction that emerged from the 
findings was in relation to the actual process of 
conceptualising projects and programmes from different 
perspectives and “focusing action in the midst of 
complex practice” particularly at the front-end of 
projects. This was unlike the previous directions (the 
social process and value creation) which were concerned 
with content.  It was suggested that new concepts and 
approaches be developed to address “the broader 
conceptualisation of projects and programmes as being 
multidisciplinary, with multiple purposes that are 
permeable, contestable and open to renegotiation 
throughout” (Winter et al. 2006b, 645). 

The final theme that emerged from the practitioners 
was that “mainstream methods and techniques can be a 
useful source of guidance for certain aspects, but they 
provide no guidance on ‘how’ to navigate the 
complexity of projects in the ever-changing flux of 
events.” The practitioners identified “experience, 
intuition and the pragmatic application of theory” as 
some of the distinctive capabilities for the successful 
management of projects. They see people as being 
essential to delivering successful projects, not methods 
and tools, because it is the ability of people “to engage 
intelligently with the complexity of projects, and that is 
central to the successful management of projects” 
(Winter et al. 2006b, 646). 
 
4. A Generic Model for Managing Projects 

In an attempt to incorporate the contemporary 
perspectives and associated concepts into managing 
projects, a generic model integrating strategic alignment, 
project dynamics, and value creation is advocated. A 

diagrammatic representation of the model is shown in 
Figure 5.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. A System View of the Proposed Generic Model for 
Managing Projects  

 
The circle represents the organisation and the 

environment in which it operates, while outside  the 
circle are  those external factors (such as political, 
economic, socio-cultural, technological, legal and 
environmental) that impact the organisation. Inside of 
the circle, there are also internal factors (such as 
organisational culture, organisational structure, and 
organisational resources) that impact the organisation.  
The smaller circle to the right represents the other 
disciples (such as strategic management, and change 
management) that impact on the process.  The areas 
within the organisation that need to be developed, from a 
PM perspective, are: 1) strategic alignment, 2) project 
dynamics and 3) value creation.  The approach within 
each area can vary based on the concepts used from any 
of the three perspectives.  The cyclical nature of these 
three development areas indicates that this is a 
continuous process so the lessons learnt at the end of 
each development area are used to develop the areas in 
the future.  This information would be used to determine 
if the strategic objectives for which the project was 
conceptualised were met. 

In the case of the temporary organisation approach, 
the project dynamic development area could represent 
the temporary organisation, with the other areas 
representing the parent organisation.  In the case of the 
traditional approach, the value creation area would be 
the measures of project success with respect to time, 
cost, scope and quality.  In the case of the MoP, value 
creation would include the benefits to stakeholders. 

The first development area is the organisation 
strategic alignment, and this process begins with a 
decision regarding the strategy or the strategic direction 
which the organisation intends to take, this is followed 
by the development of a strategic plan. From this plan, 

 



N. Hyatali and K.F.Pun: Exploring Contemporary Perspectives for Managing Projects in Organisations: A Review  81 
 

projects can be identified or conceptualised and once this 
is done the relevant resources (including financial, 
human, and physical) can then be allocated for each 
project.  This would seek to ensure that the projects are 
aligned to the strategic direction and objectives of the 
organisation.  It is here, that the project is linked to the 
critical elements of the organisation and when 
conceptualising the project, partnering can take place 
with other managerial disciplines. As suggested in the 
MoP approach, the project manager can be included at 
this stage to ensure adequate and effective project 
conception and design at the front-end stage. It is in this 
area that the challenges relating to management 
commitment, resource allocation, and other 
organisational issues (such as culture, communication, 
and structure) could also be addressed. 

The second development area is the project dynamic 
that represents those activities relating to the project, 
such as: the project complexity, the type of projects, the 
project life cycle, project governance including project 
team dynamics, and project manager dynamics.  It is 
here that these concepts from the temporary organisation 
can be applied. Besides, the PM-related challenges can 
be addressed. These include such issues as team 
dynamics, leadership, project quality, and measures of 
project success and failure. 

The third development area is value creation in the 
practices/procedures that organisations use to measure 
project success.  For instance, in the traditional model, 
time, cost, scope and quality are used as the measures of 
project success. While in the MoP approach, both the 
value for the organisation (for example, the competitive 
advantage gained by the organisation from the project) 
and the value for the stakeholders (for example, the 
benefits that the stakeholder would derive from the 
project) are used as measures of project success. 
Moreover, various areas can be developed, utilising the 
relevant concepts in an effort to minimise some of the 
human or people related challenges associated with 
managing projects in the organisation. 
 
6. Conclusion 

The objective of this paper was to explore the 
contemporary perspectives for managing projects in 
today’s business/organisation setting.  It discusses the 
growing challenges faced by organisations due to the 
limitations of the traditional paradigm in PM, and 
explores two contemporary perspectives – projects as 
temporary organisations (PTO) and management of 
projects (MoP) – that have emerged.  

The MoP approach developed by Morris (1994, 
2000) focuses on integrating PM with the critical 
elements of the organisation. Since the critical interface 
is at the institutional level, this makes it ideal for 
addressing issues between the project and the 
organisation.  For instance, this approach focuses on the 
front-end development of projects, where at this 

definition phase the organisational elements, such as the 
issues relating to people aspects, are decided.  It is also 
where there is a link to a variety of functions, such as 
those related to resource allocation for project success.  
It is at the front-end phase that strategic alignment of the 
project to the organisation is considered. Another 
integral aspect of this approach is that it considers value 
creation for the stakeholder. 

The theory of projects as temporary organisations 
can be a valuable tool for organisations particularly in 
the current changing environment. For instance, in 
incidences where the project is plagued with 
uncertainties, planning beforehand may be impossible, 
the theory can be utilised because it allows for the 
adapting of the project plan over time based on how the 
operation develops. This notion could be seen as 
incorporating the project process into the organisational 
process. Hence, understanding the complexity of project 
would assist project managers in 1) identifying alternate 
forms of value for the organisation other than product 
creation, and 2) promoting the importance of project 
conceptualisation where the initial choice of project 
concept are of critical importance. 

There is the need to consider how projects are being 
used within the business environment (Maylor et al. 
2006, 672; Hyatali and Pun, 91-82). Developing the 
business projects concept would help advance the PM 
discipline towards a more business-oriented approach. 
The proposed generic model integrates the concepts of 
strategic alignment, project dynamics and value creation 
in guiding organisations with PM practices. There are 
possible implications for developing or establishing PM 
as a functional area within the organisation. Besides, it is 
important that the discipline evolves in light of the 
changing environment in which projects and PM must 
now operate.  

This paper provides conceptual discussions on 
integrating the contemporary PM perspectives into 
potential adoption of the generic model as a guide for 
managing business/organisational projects. Future 
research is needed to identify the requirements for new 
types of business projects and to determine how they fit 
into the business/organisational environment both at the 
strategic level and the operational level.  The advocate of 
the generic approach could facilitate integration of PM 
practices with other relevant disciplines such as strategic 
management, operations management, and change 
management in organisations. Future work would focus 
on examining the relative importance among key 
parameters (such as strategic alignment, project 
dynamics and value creation), and evaluating the 
efficacy of the model adoption/implementation with 
empirical evidence and verification in organisations. 
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Abstract: The effect of compacting five soils (with clay content ranging from 46% to 80%) to three levels (5, 15 and 25 

Proctor compaction blows)   at three water content levels (-5% plastic limit, plastic limit and +5% plastic limit) on cricket 

ball bounce, pace (speed) and turn was investigated in a simulated cricket pitch.  This study follows an earlier one, by the 

lead author and others, which measured the physical and engineering properties of major soils used in cricket pitches in 

Trinidad and makes predictions on the nature of ball movement on them. The present study examines whether these 

predictions could be confirmed when the actual ball movements are measured.  Mean values of ball bounce increased from 

57.2 cm in soil with the lowest clay content (45.8%) up to 80.8 cm in soil with 62.3% clay content and then declined to 68.9 

cm in the soil with 80% clay content.  Mean values of ball pace followed the same trend and increased from 74.8 km/hr to 

79.9 km/hr and then declined to 73.6 km/hr in the same soils.  Mean ball bounce and pace of the ball increased with 

increasing compaction effort from 64.6 cm, 73.0 km/hr for the 5 Proctor blows to 74.5 cm and 79.2 km/hr for the 25 Proctor 

blows. The highest values of mean ball bounce (76.8 cm), pace (78.4 km/hr) and turn of the ball (70.0 cm) occurred at the 

plastic limit of the soils.  Results obtained in this study coupled with those from the previous study mentioned above were 

used to rank the soils used in cricket pitches in Trinidad in terms of their playability. There may be an optimal clay content 

(about 60%) of soil for maximum bounce and pace of the cricket ball. 

Keywords: Cricket, pitch, compaction, clay, Trinidad 

 
1.  Introduction 

It is well known that good Cricket can only be played on 
good pitches. A cricket pitch is a prepared strip of 
compacted soil and closely mown turf onto which the 
bowler propels the ball. Cricket pitches should be 
prepared hard and flat to produce a good playing surface 
(Shannon, 2015). The surface is of fundamental 
importance to the game, and ground staff seeks to ensure 
that the ball’s rebound is of sufficient pace, bounce and 
consistency to promote skill in both the batsman and 
bowler (James et al., 2005).  Cricket pitches should have 
a good pace, consistent bounce, good ball carry and 
conducive for stroke play (Singh, 2014). Cricket pitches 
are usually made of clay soils that swell when wet and 
shrink when dry. When the pitch begins to dry out after 
rolling, the density increases and it becomes harder and 
denser and provides a good cricket pitch (Shipton and 
James, 2009). This natural turf pitch is of large 
importance to the play of the game and the quality of the 
surface is a major concern of players, officials, 
commentators and spectators alike.  It is accepted that 
several factors are involved in the construction of cricket 
pitches. 

Preparation of cricket pitches is an art form solely 
dependent on the experience of the ground curators.  

Scientific measurements of water content, compaction, 
infiltration rates and other parameters are now being 
encouraged worldwide in the preparation of cricket 
pitches.  Currently, the game demands a fair, precise, 
durable and sometimes predictable pitch in order to 
achieve a successful match for both batsmen and 
bowlers. A detailed study of soil properties used in 
cricket pitches is very important to help in advising 
curators in their preparation and maintenance of pitches.   
Previous studies in this field made progress in 
identifying factors that affect pitch character.  Stewart 
and Adams (1968) conducted a series of tests on cricket 
pitches immediately after first- class matches. The 
authors were unable to obtain objective data on the 
performance of pitches (that is pace, bounce and 
consistency) and relied on the subjective accounts of 
players and match officials.  

The work by Tainton et al. (1998) in South Africa 
provided useful guidelines on the preparation of cricket 
pitches and particularly on how soil engineering 
properties affect the performance of cricket pitches.  
They reported that an ideal cricket pitch should have 50 
to 60% clay, less than 10% coarse sand, less than 5% 
calcium carbonate, and sodium levels, a linear shrinkage 
of 0.08 to 0.15 and less than 5% organic matter content.  
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Shipton and James (2009) studied soil behavior of clay 
used in cricket pitches in England and Wales and 
provided guidelines for the rolling of cricket pitches.  
Ekwue et al. (2006) reported the results of physical and 
engineering properties of soils commonly used in cricket 
pitches in Trinidad and used the paper by Tainton et al. 
(1998) and others to make inferences on the suitability 
of these soils for use in cricket pitches as well as offer 
advice on the management of cricket pitches.   

These inferences are appropriate to our local 
conditions since in the West Indies, Cricket is mostly 
played during the dry season which corresponds to the 
summer period in South Africa investigated by Tainton 
et al. (1998). The present study continues the earlier 
study by Ekwue et al. (2006) by placing five of the six 
soils on simulated cricket pitches, wetting and 
compacting them and measuring the bounce, speed and 
turn of the cricket ball using cricket bowling machines 
and bounce meters. This reveals how the various 
preparation methods of cricket pitches affect ball 
movement and possibly confirm the inferences made 
earlier on ball movement by the authors. 

2. Materials and Methods 

Samples from five soils used in an earlier study by 
Ekwue et al. (2006) were collected. The soils, clay 
mineralogy and classification are presented in Table 1.  
Four of the soils (Frederick clay, Sevilla clay, Princes 
Town clay and Integrade clay) are the most commonly 
used in cricket pitches in Trinidad. The fifth soil (i.e, 
Talparo clay) was chosen to assess cricket pitch 
suitability and ball movement seeing that it is one of the 
most extensive soils in Trinidad but not used in cricket 
pitches. The soils were collected after removing the top 

5 to 10 cm depth, since the top layers contain organic 
materials which could affect soil behavior and ball 
movement.  The soils were air-dried and ground to pass 
a 5-mm sieve.  Particle-size distribution (Table 2) was 
performed using the hydrometer method (Lambe, 1951).  
Also included in Table 2 are the Atterberg limits of the 
soils determined by Ekwue et al. (2006) for the same 
soils using standard soil test methods. 

To determine the maximum bulk density and soil 
strength after compaction for each soil, the standard 
Proctor compaction test (Lambe, 1951) was adopted and 
the results are shown in Table 3.  The simulated cricket 
pitch was constructed with 19 mm thick plywood 0.6 m 
in width by 0.6 m in length and 10 cm deep. The soil 
was filled to a depth of 8.3 cm.  Based on research 
carried out, it was found that the impact force from a ball 
hitting the pitch goes down to a maximum depth of 7 
cm.  For the tests, all soils were tested at three water 
contents (-5% plastic limit; plastic limit and +5% plastic 
limit (see Table 2) and compacted in three layers using 
5, 15 and 25 Proctor blows. The plastic limits were close 
to the optimum water contents for maximum soil 
compaction of the five test soils (see Tables 2 and 3).  
A bowling machine was used to perform the tests in the 
simulated cricket pitch (see Figure 1).  A special ball 
was used for the bowling machine which was the same 
size and weight of a regulation cricket ball. The bowling 
machine was first calibrated so that it would hit the area 
where the simulated pitch was placed.  The speed was 
set at 97 km hr

-1 so that there was no spin bias and to 
ensure that the ball travelled straight. As the ball was 
fired, it hit the pitch and the point of impact was 
recorded using a thumb-tack

 

Table 1. Mineralogy and classification of the cricket pitch soils 

Soil  Name Sample Location Clay Mineralogya Soil Classificationb 

Frederick clay Felicite Section, Felicity, Chaguanas Mixed Aquentic Chromuderts 

Sevilla clay Buen Itento Cane Field, Princes Town Montmorillonite Aquentic Chromuderts 

Talparo clay Cedar Hill, Princes Town Mixed Aquentic Chromuderts 

Princess Town clay Usine Ste. Madeline Cane Land Montmorillonite Aquentic Chromuderts 

Integrade clay Harmony Hall Mixed Mixed 
   aClay minerology identified by  Smith (1983).   bClassification according to Soil Survey Staff (1999). 
   cMixture of Princess Town and Sevilla Clay. 

 
 

Table 2.  Some properties of the cricket pitch soils  

Soil Name Sand  Silt  Clay Shrinkage Plastic  Liquid Plasticity Swell 

 
(2 - 0.05) (0.05 - 0.002) (< 0.002) Limit Limit Limit Index 

 
 

mm mm mm 
       (%) (%) (%) (%) (%) (%) (%) (%) 

Frederick clay 5.0 15.0 80.0 19.7 34.0 82.2 48.2 35.0 

Sevilla clay 6.8 25.5 67.7 33.5 29.4 70.8 41.4 20.5 

Talparo clay 14.3 23.4 62.3 33.3 26.6 57.8 31.2 21.0 

Princess Town clay 3.4 39.5 57.1 26.9 27.8 91.2 63.4 39.0 

Integrade clay 5.6 48.6 45.8 28.3 33.7 70.4 36.7 36.0 

   Source: Ekwue et al. (2006) 
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Table 3. Values of maximum bulk density, and optimum water contents 

Sample Name Compaction level Maximum bulk density, ρmax Optimum water content 

         (Proctor blows) (Mg m-3)  for maximum compaction (%) 

 
5 1.39  32.5 

Frederick clay 15 1.41  31.0 
 

25 1.44  30.0 

 
5 1.32  29.5 

Sevilla clay 15 1.39  27.0 
 

25 1.43  23.5 

 
5 1.48  28.0 

Talparo clay 15 1.52  26.5 
 

25 1.55  23.5 

 
5 1.27  34.5 

Princess Town clay 15 1.33  31.0 
 

25 1.37  28.5 

 
5 1.36  30.0 

Integrade clay 15 1.42  29.0 
  25 1.44  28.0 

    Source: Ekwue et al. (2006) 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.  Front view of the bowling machine (left) and the control 
module located at the back of the machine (right) 

 
The point of impact of the ball on a tarp (tarpolin-

made surface) further down the track was 
simultaneously recorded.  The horizontal distance from 
the point of impact on the pitch to the tarp as well as the 
vertical height of the impact of the ball to the ground 
was measured using a measuring tape.  Calculations 
were made to obtain the height the ball bounced in 300 
cm.   A radar gun was set up and aimed just after the 
simulated pitch.  This was used to obtain the speed of the 
ball, after the ball was released and hit the pitch.  To test 
the ball turn, the setting of the bowling machine was 
adjusted to deliver the ball with turn. The amount of turn 
on the machine was set to a rating of 7 out of a 
maximum of 9.  The line from the middle stump, which 
was projected straight through the pitch, was used as the 
reference point. The horizontal distance moved in a 
fixed vertical plane was measured as the turn of the ball.  
Each of these tests on the cricket pitches was performed 
twice and the average values are reported. 
 
3. Results and discussion 

The values of bounce, speed and turn of the cricket ball 
for the five soils at different compaction efforts and 
water contents are presented in Table 4.  Table 5 shows 
the mean values of these parameters for the different 
experimental factors.  The trend in the results in Tables 4 
sand 5 show that the bounce and speed of the ball 
increased with increasing clay content up to the Talparo 
soil (with 62% clay content) and declined as the clay 
content increased to 68% for Sevilla Clay and 80% for 
Frederick clay.  The Talparo clay had the highest mean 
speed after impact of 79.9 km hr-1, from the original 
launch speed of 97 km/hr, showing that this soil was 
able to retain 83% of the original speed.  Tainton et al. 
(1998) and Shipton and James (2009) reported that the 
bounce of the cricket ball increases with increasing clay 
content of the soil. 

This is because clay soils could be compacted to 
very high bulk densities.  Table 3 shows that Talparo 
was compacted to 1.55 Mg m-3 and this is the highest for 
all the five soils tested. Shipton and James (2009) 
postulated that the best cricket pitches for bounce and 
speed would be cricket pitches with 50% and 75% clay 
contents in Melbourne and Perth, Australia respectively.   
They stated that unlike in the UK where cricket pitches 
seldom have up to 30% clay contents, clay contents in 
cricket pitches in countries like Australia could be much 
higher possible because after rolling the pitches, there is 
enough temperature to dry the pitches before matches.  
The same argument holds for the Caribbean countries 
with high temperatures.  The present study, however, 
shows that there may be optimal clay content (about 
60%) of soil for maximum bounce and pace of the 
cricket ball.  Tainton et al. (1998) reported that an ideal 
cricket pitch should have 50% to 60% clay content.   

Conversely, the mean turn decreased with 
increasing clay content of the soil. Tainton et al. (1998) 
obtained a similar result and concluded that the greater 
the clay content of the pitch,  the greater  the tendency of  
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Table 4. Bounce, speed and turn recorded for the five soils at varying water contents and compaction levels 

Soil  
Name 

Water content Bounce (cm) Pace (Speed,  km h-1) Turn (cm) 

(%) 

    Compaction Effort (Proctor blows) Compaction Effort (Proctor blows) Compaction Effort (Proctor blows) 

    5 15 25 5 15 25 5 15 25 

Frederick 29.0 41.7 43.3 46.3 68.0 69.7 70.2 51.1 56.8 53.9 

clay 34.0 73.8 83.2 85.9 74.0 76.1 79.2 72.9 76.7 72.5 

  39.0 73.2 84.7 88.1 73.5 74.5 77.2 70.7 72.7 72.8 

Sevilla 24.4 54.3 58.0 64.4 71.3 71.3 73.5 64.3 70.2 71.7 

clay 29.4 65.6 71.4 76.0 77.7 78.8 81.5 63.9 64.8 64.1 

  34.4 69.8 66.3 74.6 73.5 76.7 79.3 63.2 74.7 70.2 

Talparo 
clay 

21.6 60.8 63.3 70.8 75.1 77.2 79.3 75.8 82.1 77.4 

26.6 87.5 86.8 93.7 79.3 82.6 88.4 64.9 68.7 64.9 

31.6 84.8 85.9 93.2 77.7 78.8 81.0 65.6 58.6 53.1 

Princes 
Town 
clay 

22.8 55.2 58.5 65.4 72.9 74.0 75.1 70.5 76.1 72.5 

27.8 72.5 80.1 85.5 70.8 79.3 83.6 62.2 73.6 69.8 

32.8 72.9 83.2 86.9 71.3 76.1 79.9 65.7 69.8 76.4 

Integrade 28.7 28.2 45.6 48.5 71.9 74.5 79.4 62.1 65.3 45.4 

clay 33.7 58.7 63.7 67.7 68.6 76.1 80.4 71.9 83.8 76.1 

  38.7 56.9 62.2 70.9 68.6 74.0 79.3 71.8 72.6 65.6 

 
 

Table 5.  Mean values of bounce, speed and turn for the different experimental factors 

Factor level Mean bounce (cm) Mean speed (km/h) Mean Turn (cm) 

Soil Name    
Frederick clay 68.9a 73.6 66.7 

Sevilla clay 

Talparo clay 

Princes Town clay 

Integrade clay 

66.7 

80.8 

73.4 

57.2 

76.0 

79.9 

75.9 

74.8 

67.5 

67.9 

70.7 

70.8 

Water  Level    
5% below Plastic Limit 54.5 73.6 67.8 

Plastic Limit 76.8 78.4 70.0 

5% above Plastic Limit 76.9 76.1 68.2 

Compaction Proctor blows     
5 64.6 73.0 66.4 

15 69.1 76.0 71.1 
25 74.5 79.2 68.6 

     a Mean values for each factor were obtained by averaging the  measured values over the levels of the other two experimental factors.  

 
 
the pitch to powder and crumble as it dries. This 
increases the tendency of the pitch to encourage spin. 

Higher bounce of the ball was obtained at the plastic 
limit of the soil and 5% above the plastic limit, while a 
significantly lower bounce was obtained for the 5% 
below plastic limit.  This could have occurred because at 
5% water content below the plastic limit, the water was 
not enough to fully bind the clay particles together, 
hence making some of the particles fairly loose.  The 
loose particles would have cushioned the impact of the 
ball, making it bounce lower.  It was observed that the 
highest speed and spin of the ball was obtained at the 
plastic limit of the soil.  This is plausible, as at the 
plastic limit, the soil behaves as one solid mass.  Below 
the plastic limit, the soil may still powder and crumble, 
which can cause the ball to be cushioned on impact. This 
would slow the speed of the ball.   

However, at the 5% above the plastic limit, the soils 
begin to approach their liquid limits. Hence, the soil 
itself begins to act as a liquid, causing the soil again to 
cushion the impact of the blow, or even cause the clay 
particles to briefly stick to the ball and provide a 
resistive force. Shipton and James (2009) and Singh 
(2014) advised groundsmen not to roll the soil when it is 
too dry, since the soil will be too dry to be compacted or 
too wet (greater than the optimum water content for 
maximum compaction) since the soil cannot be 
compacted because there is no air to be compacted. This 
confirms that the plastic limit or the optimum water 
content for maximum compaction is the best water 
content to roll the soil.  

Bounce and speed of the cricket ball increased with 
increasing level of compaction effort applied to the soils 
and this has been found in previous studies by Tainton et 
al. (1998) and Shipton and James (2009).  As the soil is 
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compacted further, the more the individual particles act 
as one single entity. That is, there are less individual 
particles to cushion, or absorb impact energy from the 
ball.  Instead, the soil in the pitch acted as one smooth, 
hard surface where the ball was allowed to freely 
bounce, with minimal resistance.  With lower resistance, 
the ball was able to maintain most of its initial kinetic 
energy and hence bounced higher, and at a faster speed.  
With respect to turn, however, the maximum turn was 
obtained at the middle level of compaction that at 15 
Proctor blows compaction.   

At the lower level of compaction (5 blows), the soil 
may have been too loose and could have absorbed most 
of the impact.  The ball would have partially sunk into 
the pitch when it bounced, which would have then 
applied a large resistive force to a greater area of the 
ball, making the speed and rotation of the ball to reduce. 
This would have caused the ball to turn significantly 
less.  For the higher level compaction (25 blows), it is 
possible that the pitch may have become too hard and 
smooth for turn.  It is well known that cricket pitches 
that favour turn tend to be not as hard as those that 
favour pace. If the pitch was too smooth, it is possible 
that the spinning ball did not achieve a good enough grip 
with the surface.  This would cause the ball to skid and 
not achieve its maximum turning potential.  At the 
middle level of compaction (15 blows), it is possible that 
there was just enough compaction to prevent the ball 
from being cushioned and losing too much energy, while 
proving the optimum environment for the ball to get a 
proper grip while spinning and turn effectively. 

The analysis of variance showed (see Table 6) that 
the main effect of soil, water content level and 
compaction effort were all significant at 1% level for 
bounce, speed and turn as depicted by the ‘F’ values.  
However, the level of importance of each factor was 
different for the three parameters.  Water content level 
was the most important factor for bounce while 
compaction effort was the most important factor for 
speed and turn. In addition, the most important 
interaction for the three parameters was the one between 
soil and water content level and this is examined further 
below. 

The interaction between soil water level and soil 
type on bounce of the ball (see Figure 2) shows clearly 
that for most of the soils, the maximum bounce of the 
ball was obtained at the plastic limit making this water 

content the ideal one for cricket pitch preparation. Evans 
(1991) reported that cricket pitches are usually prepared 
at levels just above their plastic limits.  This is normally 
close to the optimum water content of the soil which is 
also recommended for cricket pitch preparation (Shipton 
et. al., 2006; Shipton and James, 2009).  The graph 
shows that Talparo clay is clearly the best soil for 
bounce out of all the five soils, while the Integrade soil 
was the worst.  Frederick clay had the highest rate of 
increase of bounce as the water content increased from 
5% below plastic limit to the plastic limit. Similar results 
obtained for bounce were also reported for speed and 
turn. 

Results of the study showed that the properties of 
the soils used as cricket pitches in Trinidad vary a lot in 
terms of bounce, speed and turn of the cricket ball.   
Ekwue et al. (2006) found similar varied results in the 
physical and engineering properties of these soils.  These 
authors found that the best soil for cricket in terms of the 
soil properties studied was the Sevilla clay but the 
results of the present study showed that Talparo clay 
would be the best soil in terms of bounce and speed of 
the ball while the Sevilla clay is the second best in terms 
of speed. Integrade soil was the best in terms of turn of 
the ball. 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. The effect of interaction between water content level and 

soil name on the bounce of cricket ball 

 

 

Table 6.  ‘F’ values in the analysis of variance for bounce, speed and turn 

Sources of variation Degrees of freedom   Bounce Speed Turn 

Soil  4 
  

401.8 118.7 10.0 
Water content  level 2 

  
1490.4 207.2 6.3 

Compaction 2 
  

221.6 334.5 24.7 
Soil x Water content  level 8 

  
55.5 22.1 59.2 

Soil x compaction 8 
  

4.2 13.6 3.7 
Water content level x compaction 4     1.9a 17.6 2.4a 
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Talparo clay is not popular for use in cricket pitches 
in Trinidad.  It is widely an agricultural soil.  Ekwue et 
al. (2006) reported that the percentage clay (62%, Table 
2) and silt (23%) seem right for cricket pitches but its 
high sand content (14.3%) could introduce soil 
looseness.  It responds well to compaction (1.55 Mg m-3, 
Table 3) and this has made it to have the highest bounce 
and speed of the cricket pitch.  It could someday be 
commonly used in cricket pitches.  

Ekwue et al. (2006) reported that the Sevilla clay 
has good clay content (68%) and yet little swelling 
characteristics. The liquid limit and the plasticity index 
of the soil are high, indicating good soil binding strength 
(see Table 2).  However, it could not be compacted 
because of its high density (1.43 Mg m-3) leading to 
relatively lower bounce but enabling a good pace or 
speed of the ball.  Apart from the Integrade soil, the clay 
content of the Princess Town clay (57%) is the lowest, 
but is well within the 50 to 60% clay limits desirable for 
cricket pitches.  The high silt content (39.5%) could lead 
to surface deterioration of the pitch.  The high plasticity 
index (63%) indicates a strong binding strength and 
although its surface may crumble and become dusty, the 
soil mass could still maintain its smooth surface. As 
stated by Ekwue et al. (2006), this is presently the most 
popular type of soil used in cricket pitches in Trinidad, 
and was found to be the second best soil based on its 
measured physical and engineering properties. It has 
been shown in the present study to have the second 
highest bounce and turn of the ball.   

The Frederick clay has highest clay content (80%).  
The compactibility of this soil (1.44 Mg m-3) is 
acceptable and the high plasticity index (48%) indicates 
good binding strength.  The swelling property is also 
acceptable (35%, Table 2), but because of the high clay 
content, and its low shrinkage limit (19.7%), cracking 
could occur easily, but this may not cause serious pitch 
deterioration.   The soil will make for a durable, fast 
paced pitch as well as provide even bounce and possess 
good binding strength.  Ekwue et al. (2006) rated this 
soil the third best based on the soil properties studied 
and this study has also shown that it had the third highest 
bounce of the ball.  

Ekwue et al. (2006) reported that the Integrade clay 
was the worst of the five soils in terms of soil physical 
and engineering properties of the soil.  It has the lowest 
clay content (46%). This has been confirmed in this 
study as the soil had the lowest value of bounce and the 
second lowest value of speed out of the five soils 
studied.  This soil is a mixture of Princess Town and 
Sevilla clay.  Based on the percentage of clay and silt, 
this soil does not seem durable for a cricket pitch; it 
could not be compacted to a high density, may not hold 
much water because of little clay and the present tests 
have confirmed that it will have a low bounce and speed 
if used in cricket pitches.  

 
4. Conclusion 

Ball movement, in terms of bounce and pace, was 
highest for the Talparo soil with 62.3% clay content and 
this seems to be the optimal clay content for laying 
cricket pitches in Trinidad.  This was closely followed 
by Princes Town clay which is the most common soil 
used in cricket pitches in Trinidad.  The worst is 
Integrade clay. Ball movement was best when soils were 
compacted at the plastic limit and at the highest 
compaction effort. 
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