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Editorial 
 

I. Notes from the Editor 
The West Indian Journal of Engineering (WIJE) is an 
international journal which publishes research in the 
engineering sciences, with relevance to the Caribbean. 
First published in 1967, WIJE is now its 42nd volume 
(No.1) as at July 2019. WIJE is published twice yearly by 
the Faculty of Engineering, at The University of the West 
Indies (UWI), and the Council of Caribbean Engineering 
Organisations of Trinidad and Tobago. WIJE Online is a 
static repository of approximately 800 peer-reviewed 
articles. Meanwhile, the website has limited functionality.  

With the support from the UWI - Campus Research 
and Publication Fund, WIJE had initiated a web project on 
“expanding the online interface of The West Indian 
Journal of Engineering to foster engineering research and 
publication in the Caribbean”. One main objective of this 
project (Ref. CRP.10.MAR.16.45 2016) are to redesign 
the online interface that allows improved access to content 
and readership of the Journal. 

The Journal Editorial Sub-Committee has been 
working over the past years on this project, and is now 
moving to the pilot testing phase. It is expected that the 
testing be completed in line with the publishing of next 
January 2020 issue of the journal (i.e., Vol.42, No.2). For 
facilitating the pilot test, it is planned to have a dual 
system with both the current operations and new pilot 
mode running in parallel for the 2020 issue. Please check 
it out! 

This issue also includes two announcements. These 
are, firstly, a “Call for Papers” for The International 
Conference on Emerging Trends in Engineering and 
Technology (IConETech-2020) that is to be hosted at the 
Faculty of Engineering, The University of the West Indies 
on 13th-15th March, 2020. For information, contact 
Professor B.V. Chowdary, IConETech-2020 Chair: c/o 
Faculty of Engineering, UWI, Email: IConETech-
2020@sta.uwi.edu. The second announcement is a “Call 
for Contributions” in terms of chapters, cases and articles 
for a book entitled: “Sustainable Supply Chain Design and 
Operations for Small Island Nations” to be published in 
2020. For enquiries, contact the Editors, 1) Professor K.F. 
Pun (Email: KitFai.Pun@uwi.edu.edu), and/or 2) 
Professor Prasanta K. Dey (Email: p.k.dey@aston.ac.uk). 

II. About This Issue 
This Volume 42 Number 1 includes eight (8) research/ 
technical articles. The relevance and usefulness of 
respective articles are summarised below. 

R.P. Clarke, “Computation of Risk Coefficients 
(CRS, CR1) for Obtaining Risk-Targeted Earthquake 
Hazard Values for Several Caribbean Territories”, 
determined the risk coefficients for several Caribbean 
territories by an alternative approach. Obtaining the 
uniform risk coefficients by the conventional approach 

would be costly and time-consuming in the Caribbean. 
The calculated risk coefficients for the Caribbean are in 
the ranges of 1.03 to 1.11, and 1.02 to 1.19 for CRS and 
CR1, respectively. With these coefficients, engineers could 
safely and consistently use the latest building codes for 
the structural design of Caribbean structures. 

In the article, “Sustaining Asset Integrity in the 
Trinidad and Tobago’s Energy Sector: An Assessment”, 
H. Ramrattan, T. Markeset, and C. S. Syan investigated 
the critical success factors required for a sustainable 
implementation of an Asset Integrity Management System 
(AIMS). An analysis was done of global governmental 
regulations shaped by major accidents, and local safety 
regulations and the gap between AIMS research and 
practice. In order to sustain the integrity of assets in 
Trinidad and Tobago’s Energy Sector, the findings of the 
National Facility Integrity Audit conducted in 2016 were 
also analysed. The focus is to signify the importance of a 
robust AIMS, and to ensure that it would be integrated 
into the existing business management system. 

M.O.H. Amuda et al., “Refractory Properties of 
Alumina/Silica Blend”, explored the properties of a blend 
of alumina/silica using X-ray fluorescence complemented 
with X-ray diffraction (XRD). It was found that the 
indigenous clay is essentially siliceous alumina-silicate 
containing about 51% silica and 40% alumina with high 
content of alkali oxide but low ferrous oxide content. 
XRD analysis of the synthetic alumina/silica blend 
showed that the firing temperature and time only had 
significant effect on the phase transformation at 
temperature of 1,000 °C and time of 5 hours. The 
synthetic alumina/silica blend exhibits approximate the 
refractory properties of standard alumina-silicate for 
refractory purposes. 

G. Isaac and U. Persad, “Investigating the Haircare 
Product Manufacturing Industry in Trinidad and Tobago”, 
examined consumer attitudes toward locally manufactured 
haircare products manufactured and explored the 
challenges faced by local haircare manufacturers in 
Trinidad and Tobago. An online questionnaire including a 
measurement scale for ethnocentrism was used. It was 
found that local consumers are non-ethnocentric as it 
pertains to purchasing locally made hair care products i.e. 
they purchase more foreign products than locally made 
ones. Among the major challenges are the lack of 
legislature in place to deal with the manufacturing of 
haircare products and the inability to increase market 
share. 

In the fifth article, “CubeSat Communication Sub-
system Design for Coastal Marine Monitoring 
Applications CubeSat Communication Sub-system Design 
for Coastal Marine Monitoring Applications”, R.V. 
Adams, D. Villarroel-Lamb, and F. Muddeen, presented 
a design for a CubeSat communication subsystem for a 
store-and-forward remote monitoring application. An 
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underwater Acoustic Doppler Current Profiler (ADCP) 
would be operating at a remote coastal location to transfer 
data to a central hub for processing. With the aid of AGI 
simulation tool, different frequency bands for 
transmission were selected to perform antenna design and 
perform link budgets for the different altitudes. The paper 
also discusses CubeSat design considerations and other 
terrestrial and non-terrestrial transmission alternatives to 
CubeSat. 

S. Bajnatha, and U. Persad, “Evaluating New 
Product Development Processes in the Food and Beverage 
Manufacturing Sector of Trinidad and Tobago”, explored 
a six-stage new product development (NPD) process, 
comprising market assessment, idea screening, 
prototyping, development, testing, and industrialisation. 
Current models and practices for the NPD process were 
evaluated, drawing upon the business operations within 
the food and beverage manufacturing sector. Empirical 
data were acquired from 23 companies in Trinidad and 
Tobago. It was found that most companies lacked formal 
sensory programmes. They focused heavily on the 
industrialisation stage and did not uniformly adhere to the 
other stages of the process. Moreover, an integrated 
sensory framework was proposed to quantify the sensory 
characteristics at each key stage of the product 
development process.  

Y.O. Abiodun et al., “Mineralogical Properties of 
Kaolin and Metakaolin from Selected Areas in Nigeria 
and Its Application to Concrete Production”, investigated 
mineralogical properties of kaolin and metakaolin as a 
geopolymer. Thermal treatment was applied on same mass 
of kaolin samples selected at varying temperature and 
time duration. The thermal, chemical, differential thermal 
(DTA), X-ray Diffraction Spectroscopy (XRD) and 
Fourier Transform Infrared Spectroscopy (FTIR) 
characterisations of raw kaolin samples were carried out. 
Results showed that the yield increased as the calcination 
temperature increased. For compressive strength, the 
highest strength was obtained at 15% Metakaolin 
replacement and 0.4 water-cement ratio, and Metakaolin 
concrete gained strength rapidly. 

In the eighth article, “Design and Development of a 
Cardiovascular Monitoring System”, S.C. Nwaneri and 
P.I. Ogbuji, discussed the need for continuous and 
regular monitoring of vital signs for patients suffering 
from cardiovascular diseases. The development of a low 
cost, non-invasive cardiovascular monitoring system was 
proposed. The system design includes modulation and 
demodulation sections that record signals from the 
measurand and transmit them to the doctor. The device 
was tested on ten (10) subjects. Periodic heart beat was 
observed, and comparison was made between the device 
and a standard blood pressure. The Wilcoxon-signed rank 
test results showed that there was no statistically 
significant difference between the pulse rates observed in 
both devices. The device was also tested on healthy 
patients with Standard Electrocardiograph (ECG) 

waveform, and was shown to be effective for real-time 
monitoring of the cardiovascular system.  

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, The University of the West 

Indies (UWI), Trinidad & Tobago (T&T) 
• Dr. Amir Aminifar, École Polytechnique Fédérale de 

Lausanne, Switzerland 
• Professor Boppana V. Chowdary, UWI, T&T 
• Dr. Chris Maharaj, UWI, T&T 
• Dr. Cilla Pemberton, UWI, T&T 
• Ms. Crista Mohammed, UWI, T&T 
• Dr. Fasil Muddeen, UWI, T&T 
• Dr. Graham King, UWI, T&T 
• Dr. Henry Lau; University of Western Sydney, Australia  
• Professor Jack Baker, Stanford University, USA 
• Dr. Jeffery Jones, University of Warwick, Coventry, UK 
• Professor Khitam Abdulhussein Saeed, University of 

Technology, Bagdad, Malaysia 
• Dr. Khurram Khurshid, Institute of Space Technology, 

Pakistan 
• Professor Kit Fai Pun, UWI, T&T 
• Dr. Kuldeep Ojha, UWI, T&T 
• Dr. Lotto K.H. Lai; Hong Kong Science & Technology 

Park, Hong Kong  
• Dr. M. Krishnamoorthi, Sri Shakthi Institute of 

Engineering. and Technology, Tamil Nadu, India 
• Ms Man Yin Rebecca Yiu ; UWI, T&T 
• Dr. Mohammed M. Ibrahim; Banha University, 

Shoubra, Egypt 
• Professor Peter Hogarth; Bournemouth University, UK  
• Professor Prasanta Kumar Dey; Aston University, 

Birmingham, UK 
• Professor Richard Hobbs, University of Durham, 

Durham, UK 
• Professor Simon Sembiring, Stanford University, 

Graduate School of Business, USA 
• Dr. Terrence Lalla, UWI, T&T 
• Dr. Ts. Morris Abraham G. Ezra, Universiti Tunku 

Abdul Rahman, Selangor. Malaysia 

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 
Faculty of Engineering, 

The University of the West Indies, 
St Augustine, Trinidad and Tobago, West Indies 

July 2019
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Computation of Risk Coefficients (CRS, CR1) for Obtaining Risk-Targeted 
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Richard P. Clarke  

Department of Civil and Environmental Engineering, Faculty of Engineering, The University of the West Indies, St 
Augustine, Trinidad and Tobago, West Indies; E-mail: Richard.Clarke@sta.uwi.edu  
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Abstract: The most critical input data for the calculation of the earthquake force on a structure are the spectral 
accelerations Ss and S1 which are obtained from maps. For building codes before 2012, these values are uniform 
hazard – all locations have the same probability of being exceeded. However, the codes since 2012 require Ss and S1 
that are uniform risk – all structures must have the same probability of collapse.  To convert from uniform hazard to 
uniform risk requires the risk coefficients CRS and CR1, and these are not available for the Caribbean region.  
Therefore, the government agencies responsible for approving structural design do not allow use of building codes 
after 2009, and hence, the advantages of those codes are not available. If engineers use such codes with uniform 
hazard values, this would contradict the aim of the codes and design forces can be underestimated.  Obtaining the 
uniform risk coefficients by the usual approach is costly and time consuming since special-purpose software 
implementing numerical analysis is required and not available in the Caribbean.  In this paper, the risk coefficients 
are determined for several Caribbean territories by an alternative approach based on an analytical solution reported 
to give excellent results compared with the conventional approach.  The calculated risk coefficients for the Caribbean 
are in the ranges of 1.03 to 1.11, and 1.02 to 1.19 for CRS and CR1, respectively.  Engineers can now safely and 
consistently use the latest building codes for the structural design of Caribbean structures. 
Keywords: Risk Coefficients, Caribbean Risk-Targeted Seismic Ground Motion 
 
1.  Introduction 
The earthquake-resistant structural design of buildings is 
performed by use of an appropriate building code and the 
documents to which it refers.  For approximately the past 
40 years, territories of the English-speaking Caribbean 
that are prone to significant earthquakes utilise the 
American building codes as the model codes. These 
codes are either directly referenced, or are used as the 
basis from which local building codes are derived.  In 
particular, at this point the main codes are the 
International Building Code (IBC) (2018) by the 
International Code Council, and the Minimum Design 
Loads for Buildings and Other Structures (ASCE 7) 
(2017) by the American Society of Civil Engineers.  

In determining the earthquake force exerted on a 
structure, a vital input datum is the peak acceleration of 
the structure – the spectral acceleration, Sa, for the first 
vibration mode of the structure, a damping ratio of 5% of 
critical, and for firm soil conditions (i.e., Sa (T1,5%)). 
Henceforth, only the term Sa will be used and expressed 
in units of acceleration due to gravity, g). In order to 
reflect the severity of the earthquake that should be 
considered, the peak spectral acceleration value is the 
value with only a 2% chance of being exceeded within 
the service life of the structure, which is taken as 50 
years.  To cater for any regular building of natural 
period, T, the Sa is simply read from a graph (or its 
equivalent expressed as an equation).  This graph – the 

spectral acceleration response spectrum, is constructed 
from the Sa at two specific natural periods – 0.2 and 1.0 
second, which are referred to as Ss and S1, respectively. 
Hence, the most important input data required for 
calculating the earthquake force on a building is the Ss 
and S1. Even if the building is irregular, these parameters 
provide bounds on any solution method such as linear or 
nonlinear dynamic analysis.  Ss and S1 are obtained from 
seismic hazard maps which show the values in terms of 
contours: hence by interpolation, the values can be 
readily determined for any location on the map. 

Seismic hazard maps have been available for 
Caribbean territories since around 1980, and are prepared 
by the Seismic Research Center (SRC) of The University 
of the West Indies (UWI).  The maps for the United 
States are prepared by the United States Geological 
Society (USGS) based on a standard procedure – the 
Cornell-McGuire Probabilistic Seismic Hazard Analysis 
(PSHA) procedure (1968), which is used by the SRC for 
its maps as well.  The building codes and PSHA have 
evolved over the years, with new versions of the former 
being released about every 3 years.  Between releases, if 
advances in PSHA warrant a change, then this change is 
incorporated in the next version of the building code. 

The 2012 version of the IBC, and the corresponding 
ASCE 7-10, incorporated a major paradigm shift in 
terms of what the seismic hazard maps indicate.  Prior to 
2012, the values shown in the maps represent uniform 
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hazard.  That is, for all locations within the United States 
(with some exceptions), the chance of exceeding the 
value is 2%.  However, it was acknowledged since the 
ATC 3-06 (Applied Technology Council, 1981), the 
historical root document of the NEHRP model codes on 
which the ASCE 7 is based, that damage to a structure 
due to an earthquake depends on the unique 
characteristics of the structure - its fragility, together 
with the acceleration.  This is because for a given 
structure, the same level of damage can result from 
different Sa.. Hence, it is more reasonable to consider this 
fact in the determination of the seismic hazard, such that 
the risk of damage to the structure is the same for all 
structures regardless of location. Thus, the paradigm 
shift is that the Ss and S1 are determined with respect to 
uniform risk and not to uniform hazard. 

The ASCE 7 incorporates a practical way of 
obtaining the uniform risk acceleration values – simply 
multiply the uniform hazard values by conversion 
factors.  The latter are called the risk coefficients CRS and 
CR1 for Ss and S1, respectively, and these values are also 
available as maps.  When the risk coefficients are 
applied, the resulting values are referred to as “risk-
targeted” values. Unfortunately, owing to significant 
resource constraints, neither risk-targeted maps, nor risk 
coefficient maps are available for the Caribbean. The 
result is that governmental approving agencies have 
limited the allowable codes to the IBC 2009/ASCE 7-05, 
therefore any technological improvements or corrections 
since 2012 cannot be taken advantage of in Caribbean 
building design. If an engineer ignores the need for using 
risk-targeted maps and proceeds to use post-2012codes, 
this would violate the manner in which the codes are 
expected to be used, and may expose the engineer to 
litigation in the event of undesirable performance of the 
building. 

This paper concerns CRS and CR1 values for use with 
the existing uniform hazard maps for several Caribbean 
territories. This is as regards how they were derived, the 
values themselves, and recommended usage. These CRS 
and CR1 values can be employed by governmental 
approving agencies as an interim measure until a more 
detailed study is undertaken. 
 
2.  Approaches for Computing Seismic Risk of 

Collapse 
Computing CRS and CR1 values involves reverse-
engineering the procedure by which the probability of 
collapse of a structure, also called the collapse risk, or 
the mean annual frequency of collapse (MAF), is 
determined.  If the event is expressed in terms of Sa as 
the Intensity Measure (IM), then data about the 
seismicity of the site, and the fragility of the structure are 
known, and the MAF calculated for a given Sa.  
However, for computing CRS and CR1 values, the MAF is 
known, and the Sa corresponding to collapse is 
calculated. If Sa is the SS, then the CRS is simply the 

calculated SS divided by the uniform hazard SS, and 
likewise for the CR1.  The main approach used in the 
United States for computing the seismic risk of collapse 
is a special case of the PEER Triple Risk Integral 
(Moehle and Deierlein, 2004): 

v(DV>x) = 
 ∫ ∫ ∫ G <DV | DM> dG <DM | EDP> dG <EDP | IM> dλ (IM)  (1) 

The terms v, DV, DM, EDP, and λ(IM) mean – 
annual probability that loss > x, decision variable (e.g., 
downtime, casualties, and damage), damage measure 
(e.g., cracking, fracture, and buckling), engineering 
demand parameter or response (e.g., drift, beam 
rotation), and seismic hazard which is the annual 
probability of exceeding the ground motion intensity 
measure (e.g., PGA, Sa(5%,T1), etc.).  The term “G” 
refers to each of the X|Y in Equation (1) as the 
conditional probability P(X>x | Y=y). Equation (1) is a 
general equation that considers the entire chain of 
consequences – shaking which leads to response, which 
leads to damage, that leads to loss.  For the purposes of 
this study, only “shaking leading to damage” is 
considered, where “damage” is “collapse”. Hence, the 
triple integral becomes the following single integral, 
since “response” and “loss” are not included.  Only such 
an IM-based format will be considered henceforth.  

MAF = ∫ 𝑑𝑑(𝑃𝑃(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 |𝑆𝑆𝑎𝑎=𝑐𝑐))
𝑑𝑑𝑐𝑐

𝐻𝐻(𝑠𝑠)𝑑𝑑𝑠𝑠+∞
0  (2) 

P(collapse | Sa = s) is the fragility of the structure, 
“s” is any particular value of Sa under consideration, and 
H(s) is the seismic hazard at the site and is the mean 
annual probability of Sa exceeding any particular value 
“s”.  H(s) is expressed as the “hazard curve” for the 
location of the structure – a graph of exceedance 
probability vs Sa , and is determined from the PSHA of 
the site.  The fragility of the structure is determined via 
analysis of the damage statistics given the results of 
numerous analyses of the structure at collapse. 

If done numerically, the computation of the MAF 
using Equation (2) yields the most accurate result.  
However, this requires the preparation of special-purpose 
software and can be tedious.  Therefore, it would be 
advantageous if Equation (2) can be computed 
analytically hence resulting in a formula. 
 
2.1 SAC Closed-Form (Analytical) Solution 
Jalayar (2003) proposed approximating the hazard curve 
with a power law, and the fragility curve with a 
lognormal function. Hence, Equation (2) becomes 
analytically integrable and the approximate MAF is then 
given by, 

MAF = 𝐻𝐻(�̂�𝑠𝑐𝑐)𝑒𝑒
1
2 𝑘𝑘1

2𝛽𝛽𝑠𝑠𝑠𝑠2     (3) 

�̂�𝑠𝑐𝑐 is the median value of the Sa at collapse of the 
building, and βsc is the standard deviation of the log of 
the Sa at collapse of the building. k1 is a parameter of the 
hazard curve power law (and k0) given by, 
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H(s) =𝑘𝑘0𝑒𝑒−𝑘𝑘1 ln 𝑐𝑐    (4) 
Equation (3) is more commonly referred to as the 

SAC equation given its prominent use in the joint 
venture research programme by the Structural Engineers 
Association of California (SEAOC), the Applied 
Technology Council (ATC) and CUREE (Consortium of 
Universities for Research in Earthquake Engineering) 
after the Northridge earthquake of 1994. 
 
2.2 Vamvatsikos Closed-Form (Analytical) Solution 
Use of Equations (3) and (4), as recommended by Jalayar 
(2003), result in very high though conservative error  
comparing with the exact solution given by Equation (2).  
The main causes for the error are how the power law of 
Equation (4) is applied, and the equation itself.  Equation 
(4) represents a straight line in log-log space, and Jalayar 
(2003) determined the “k” parameters by taking a 
tangent to the hazard curve at the Sa corresponding to the 
earthquake demand (i.e. 2% in 50 years in this case = 
0.02/50=0.0004). 

Bradley and Dhakal (2008) indicated that the portion 
of the hazard curve due to the higher frequency Sa 
contributes most to the integral of Equation (3), and 
Dolsek and Fajfar (2008) recommended using the region 
bounded by 0.25 �̂�𝑠𝑐𝑐  and 1.25 �̂�𝑠𝑐𝑐  and this procedure is 
referred to as a “biased fit”.  Dolsek and Fajfar (2008) 
suggested obtaining the biased fit “k” parameters using 
linear regression analysis of the hazard curve in this 
zone, rather than the approach by Jalayar (2003). 

Vamvatsikos (2015) noted that it is simpler and 
more consistent to use two points selected on the basis of 
the dispersion of the fragility curve and then use the 
simple straight line equation of the resulting line, which 
is a secant to the hazard curve, to obtain the “k” 
parameters.  He proposed the points 0.5 and 1.5 standard 
deviations to the left of �̂�𝑠𝑐𝑐 and refers to the procedure as 
a “first-order biased fit”.   Very significant improvement 
was observed when this approach was applied to the 
well-known Van Nuys site and for the case of βsc of 0.5, 
�̂�𝑠𝑐𝑐 of 2.0g, and T1 of 0.7 sec.  The result was a calculated 
MAF of 0.0014 compared to the exact value of 0.0015, 
hence an error of -6.7%.  The “tangent fit” approach 
resulted in an error of 240%.   

Vamvatsikos (2015) proposed further refinement 
using a procedure termed “second-order hazard fitting”.  
In this case, Equation (4) is replaced by Equation (5), 
and three points are used to obtain the three “k” values – 
at 0.5, 1.5, and 3.0 standard deviations to the left of �̂�𝑠𝑐𝑐.   

H(s) = 𝑘𝑘0𝑒𝑒−𝑘𝑘2 (ln 𝑐𝑐)2−𝑘𝑘 ln 𝑐𝑐   (5) 
As mentioned previously, it was determined that a 

significant source of error is the assumption of a linear 
relation in log-log space for the hazard curve.  The use of 
Equation (5) is a more realistic approximation for the 
hazard curve as it considers the well-known curvature of 

the hazard curve via the k2 parameter in the region of 
interest. 

The Vamvatsikos second-order hazard fitting 
approach results in the following equation when the 
analytical integration of equation (2) is performed: 

MAF = �𝑝𝑝′ 𝑘𝑘0
1− 𝑐𝑐′ [𝐻𝐻(�̂�𝑠𝑐𝑐 )]𝑐𝑐′𝑒𝑒

𝑘𝑘1
2(1− 𝑝𝑝′)
4𝑘𝑘2          (6a) 

MAF =  

�𝑝𝑝′ 𝑘𝑘0
1− 𝑐𝑐′  [𝐻𝐻(�̂�𝑠𝑐𝑐 )]𝑐𝑐′𝑒𝑒0.5𝑐𝑐′𝑘𝑘12(𝛽𝛽𝑠𝑠𝑠𝑠2 + 𝛽𝛽𝑈𝑈𝑠𝑠𝑠𝑠

2 )   (6b) 

p’ = 
1

1+2𝑘𝑘2(𝛽𝛽𝑠𝑠𝑠𝑠2 + 𝛽𝛽𝑈𝑈𝑠𝑠𝑠𝑠
2 )

    (7) 

βUSc represents the epistemic uncertainty in the 
capacity (βSc represents the aleatory uncertainty).  
Equations (6a) and (6b) are equivalent, but (6b) can be 
used if k2 = 0 (i.e. p’ = 1).  Note that 0 < p’ ≤ 1. 

When Equations (6a) and (7) were applied to the 
aforementioned Van Nuys problem, the error reduced 
from -6.7% for the first-order biased fit, to less than 1% 
compared with the exact value.   

The error due to the approximations increases with 
increasing uncertainty (i.e., total β), and increasing 
curvature of the hazard curves.  This is because of the 
increased area under the capacity lognormal curve, and 
increased neglect of points on the hazard curve other 
than the three data points used to obtain the “k” 
parameters, respectively.  Therefore, validation of the 
second-order biased fit approach requires consideration 
of such conditions.  Vamvatsikos (2015) applied the 
equation to five sites in New Zealand with hazard curves 
having considerable curvature for T1 of 1.5 sec. The 
results are shown in Figure 1. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 1. Relative Error of the Vamvatsikos Second-Order  
Biased Fit Method 

Source: Excerpted from Vamvatsikos (2015) 
 
 

Furthermore, for these five sites, the MAF was 
calculated for β values of 0.3, 0.5, and 0.7 and for �̂�𝑠𝑐𝑐 
varying from 0.0 to 1.2g.  As shown, the underestimation 
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error rarely exceeds 10%; and according to Vamvatsikos 
(2015), the actual error is significantly less because 
fewer ground motions than is typically used were applied 
in the calculation of the five hazard curves. Therefore, 
his final conclusion is that for all practical purposes, the 
second-order biased fit analytical solution (i.e. Equations 
(6) and (7)) results in a very close match to the exact 
value which is obtained by the more tedious and costly 
numerical integration method. 
 
3. Methodology for Computing CRS, CR1 for the 

Caribbean 
To determine the CRS and CR1 for the United States, the 
USGS use the numerical integration of equation (2) to 
iteratively reverse-engineer the required sc.  This is done 
using the known hazard curves for the site, a MAF of 
0.0002 (i.e. 1% over a 50 year service life), and a 
“generic fragility curve” as a lognormal function with 
total β of 0.8.  Note that the Sa of the hazard curves were 
converted to geometric mean values by multiplying the 
uniform hazard values by 1.1 and 1.3 for Ss and S1, 
respectively. The required sc is the value of the fragility 
curve at the 10th percentile (Luco, 2009, 2015).   

For computing the CRS, CR1 for the Caribbean, the 
same overall procedure used by the USGS was employed 
except that the Vamvatsikos analytical second-order 
biased fit Equation (i.e., (6) and (7)) was used for the 
integration. However, two changes were made to this 
procedure.  Firstly, the right-hand sides of Equations (6a) 
and (6b) were multiplied by 1.1 to cater for the 
previously mentioned error.  Secondly, instead of using 
three points to obtain the “k” parameters, second-order 
polynomial regression analysis of the hazard curves was 
used.  This should be more accurate, since more points 
are involved in calculating the “k” parameters. 

The procedure was applied to several Caribbean 
locations, including: 
• Trinidad (Port-of-Spain; Chaguanas; Arima; San 

Fernando; Sangre Grande; Rio Claro; La Brea; Point 
Lisas; Tabaquite; Diego Martin; Guayaguayare, and 
Princes Town) 

• Tobago 
• Dominica 
• Antigua 
• Barbados 

For the practical convenience of using one value for 
an entire country, in the case of Trinidad, since only 12 
locations were considered, the mean value was not used 
as this may be too unconservative. Based on the Central 
Limit Theorem, the recommended value for Trinidad 
was determined using the mean plus one sigma of the 
calculated risk coefficients (i.e. the 84th percentile).  For 
the other territories, the median value of the largest Sa 
contour band for the island was used. The details of the 
procedure are as follows: 
1. Construct the hazard curves for each location: For SS 

and S1 each, 7 data points are considered sufficient 

for the regression analysis. Four were obtained using 
the 4 SRC maps (Seismic Research Center, 2018), 
and 3 were determined using the following Equation 
(8) from FEMA (FEMA, 1997) which provides Sa 
for any exceedance probability given values at 10% 
and 2%, and between those percentages. Therefore, 
the hazard curves were determined for the following 
exceedance probabilities over 50 years: 2, 3, 5, 7, 9, 
10, and 41%. These correspond to return periods of 
2475, 1642, 975, 689, 531, 475, and 95 years, 
respectively. 
ln (Si) =  
ln(Si10/50)+[ln(Si2/50) - ln(Si10/50)][0.606 ln(PR) – 3.73]  (8) 

“i” refers to “s” or “1” accordingly; Si10/50 is the Sa at 
10% exceedance probability over 50 years; Si2/50 is 
the Sa at 2% exceedance probability over 50 years, 
and PR is the return period in years. 

2. For each hazard curve (i.e. for each location), and Ss 
and S1 each, construct data pairs by taking the 
natural log H() and the natural log of Sa() (after 
converting to the geometric mean value).   

3. For each hazard curve (i.e. for each location), and Ss 
and S1 each, from Equation (5) perform second-
order polynomial regression analysis to obtain its 
“k” parameters. 

4. For each hazard curve (i.e. for each location), and Ss 
and S1 each, substitute in Equation (7), and the 
adjusted Equation (6) (i.e. by multiplying the RHS 
by 1.1) for a total β of 0.8.  Then use of MS-EXCEL 
to “goal-seek” for the �̂�𝑠𝑐𝑐  results in a MAF of 1% 
over 50 years (= 0.0002 annually).  

5. For each hazard curve (i.e. for each location), and Ss 
and S1 each, determine the value of Sc at the 10th 
percentile by considering the dispersion.  Therefore, 
Sc,10% = �̂�𝑠𝑐𝑐 e-1.28β

 = 0.359155�̂�𝑠𝑐𝑐. 
6. For each hazard curve (i.e. for each location), and Ss 

and S1 each, calculate CRS as Sc,10% divided by the 
uniform hazard SS at 2% in 50 years, and the CR1 as 
Sc,10% divided by the uniform hazard S1 at 2% in 50 
years.   

7. In order to recommend single CRS and CR1 values to 
use for Trinidad, calculate the mean plus one sigma 
of the values from step 6, and use the resulting 
values. 

 
4. Results and Discussion 
The hazard curve data are shown in Table 1. A possible 
source of error for the case of the data for Trinidad is that 
the data were obtained by linear interpolation of contour 
values.  However, in the maps, the contour lines are not 
shown beyond the perimeter of the island, so for 
locations near the coast, the extension of those lines 
outside the perimeter had to be estimated. Figure 2 
shows a main straight line tangential to the lowest curve 
at the value of Sa for the 2% exceedance probability.  
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Table 1 Hazard Curve Data (Geometric Mean) 
Location Ss  S1  
 2475 1642 975 689 531 475 95 2475 1642 975 689 531 475 95 
Port-of-Spain 1.683 1.454 1.167 1.059 0.963 0.922 0.479 0.545 0.461 0.374 0.322 0.290 0.276 0.127 

Chaguanas 1.584 1.367 1.137 0.995 0.904 0.866 0.442 0.506 0.427 0.348 0.297 0.267 0.254 0.121 
Arima 1.679 1.444 1.191 1.042 0.945 0.903 0.455 0.494 0.420 0.347 0.297 0.267 0.255 0.122 

San Fernando 1.455 1.256 1.045 0.914 0.831 0.795 0.407 0.473 0.400 0.324 0.279 0.250 0.238 0.113 
Sangre Grande 1.668 1.430 1.177 1.025 0.927 0.886 0.440 0.473 0.402 0.328 0.282 0.254 0.242 0.117 

Rio Claro 1.488 1.280 1.057 0.925 0.839 0.802 0.402 0.439 0.373 0.304 0.262 0.236 0.225 0.109 
La Brea 1.440 1.242 1.040 0.902 0.820 0.784 0.402 0.478 0.404 0.325 0.281 0.252 0.239 0.113 

Point Lisas 1.503 1.300 1.085 0.950 0.865 0.828 0.424 0.493 0.416 0.337 0.290 0.260 0.247 0.117 
Tabaquite 1.487 1.284 1.067 0.934 0.849 0.813 0.436 0.458 0.389 0.317 0.274 0.247 0.235 0.113 

Diego Martin 1.715 1.479 1.219 1.074 0.976 0.934 0.493 0.553 0.468 0.380 0.327 0.294 0.280 0.129 
Guayaguayare 1.420 1.216 1.000 0.870 0.787 0.751 0.371 0.417 0.353 0.283 0.247 0.221 0.211 0.100 
Princes Town 1.439 1.259 1.034 0.944 0.865 0.832 0.400 0.451 0.383 0.311 0.270 0.243 0.231 0.112 

Tobago 2.035 1.708 1.375 1.169 1.043 0.990 0.495 0.487 0.431 0.357 0.329 0.304 0.292 0.097 
Dominica 1.760 1.530 1.210 1.130 1.032 0.990 0.495 0.617 0.515 0.487 0.347 0.309 0.292 0.162 
Antigua 1.925 1.638 1.136 1.154 1.038 0.990 0.495 0.682 0.616 0.487 0.366 0.313 0.292 0.162 

Barbados 1.210 1.044 0.825 0.759 0.690 0.660 0.275 0.487 0.431 0.292 0.329 0.304 0.292 0.098 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. Hazard Curves for Locations within Trinidad 

 
 

By comparing with the shape of the hazard curve, 
the expected concave curvature is apparent. Therefore, 
the hazard curves for Trinidad are reasonable so the error 
is deemed negligible.  For the other Caribbean territories, 
since the data were determined by using the median of 
the highest contour band, a possible source of error is 
that this approach does not identify one specific 
consistent location on the island for all the maps of data 
for the various return periods. This approach was 
preferred due to the relatively small size of those islands. 

As will be discussed subsequently, such error can 
manifest as a smearing out of the curvature of the hazard 
curve among the data points. 

Another possible source of error in the hazard curve 
data is the use of equation (8) for Ss values greater than 
1.5g.  In the case of the Trinidad data, this occurred for 4 
of the 12 curves at a maximum of 3.9%, and for the other 
islands, 2 times at a maximum of 2.3%. Given these 
small margins, the effect is expected to be negligible. 
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The results of the regression analysis are shown in 
Table 2.  The main parameter of interest is the curvature 
parameter k2 which is expected to be non-zero but a 
small value relative to k1 which is a measure of the 
overall slope.  The k0 value is the intercept of the hazard 
curve on the median H() axis.  In terms of expectation, 
this value can vary considerably but as shown by 
Vamvatsikos (2015) for left biased-fit procedures, the 
effect on seismic risk computations is negligible.  
Therefore as shown for Trinidad, the “k” values are 
reasonable within the present context and with the 
goodness-of-fit parameter R2 of at least 99.8% for Ss and 
99.9% for S1, the regression analysis results for Trinidad 
are acceptable. As regards the other islands, Table 2 
indicates that for Ss for Tobago and Antigua, and for S1 
for Dominica and Antigua, the k2 values are slightly 
negative (but less so for the Ss). This is due to the 
aforementioned “smearing out” of the points in the 
hazard curves due to their likely representing different 
locations for the different return periods.  The effect of 
this occurrence is discussed below. 

Variation from the target risk of 0.0002 is a source 
of error in the computation of the risk coefficients.  As 
shown in Tables 3 and 4, the actual target risk used is 
slightly higher and this is due to the difficulty of the MS-
EXCEL solver to converge exactly on the target. The 
goal-seek algorithm was only able to come within a 
higher radius of convergence than the ideal, therefore the 
final value was obtained by manually tweaking the �̂�𝑠𝑐𝑐. 

A second possible source of error in the computation 
is that the “k” values of the biased fit procedure are not 
based on the same region of the hazard curve for each 
curve.  This type of error may be relevant only when 
comparing the risk coefficients results of different 
locations.  As stated previously, for consistency among 
all curves in determining the “k” values for the biased fit, 
Vamvatsikos (2015) recommended using points 
measured in terms of a number of standard deviations to 
the left of �̂�𝑠𝑐𝑐.  He recommended points at 0.5, 1.5, and 
3.0 standard deviations.  

 
Table 2. Regression Analysis Results 

Location Ss S1 
 k0 k1 k2 R2 k0 k1 k2 R2 

Port-of-Spain 0.001667 2.64839 0.18128 0.9990036 0.0000772 2.85394 0.22581 0.99997 
Chaguanas 0.001443 2.65441 0.25885 0.9999756 0.000068 2.71430 0.1551 0.99992 

Arima 0.001622 2.56932 0.23266 0.9999812 0.000056 2.95449 0.21997 0.99986 
San Fernando 0.00115 2.69873 0.25409 0.9999758 0.000056 2.75765 0.16193 0.99999 
Sangre Grande 0.001553 2.5236 0.22518 0.9999806 0.000025 2.92596 0.17198 0.99998 

Rio Claro 0.001191 2.62731 0.25361 0.9999767 0.000020 2.94841 0.16892 0.99998 
La Brea 0.001115 2.69253 0.24823 0.9998986 0.000059 2.72177 0.1558 0.99998 

Point Lisas 0.001275 2.71237 0.28821 0.9999712 0.000063 2.73533 0.16198 0.99999 
Tabaquite 0.001213 2.71412 0.12918 0.999977 0.000046 2.92952 0.19939 0.99998 

Diego Martin 0.001758 2.64706 0.15262 0.9999762 0.000080 2.85719 0.23137 0.99997 
Guayaguayare 0.001024 2.58124 0.22846 0.9999801 0.000039 2.81481 0.16455 0.99993 
Princes Town 0.001223 2.89163 0.57663 0.9987425 0.000046 2.88038 0.17935 0.99997 

Tobago 0.002085 2.30289 -0.0057 0.9998776 0.000015 5.28120 1.05981 0.99791 
Dominica 0.001966 2.64171 0.33553 0.9965291 0.000201 1.56276 -0.3275 0.9781 
Antigua 0.001879 2.40941 -0.0946 0.9865074 0.000282 1.20904 -0.4165 0.98572 

Barbados 0.000686 2.8152 0.53512 0.9971696 0.000025 4.42177 0.77956 0.99659 
 
 

Table 3 CRS Risk Coefficient Results 
Location P’ Median Cap  Ss Mean H(Ss) Mean MAF Cap Ss,10% Risk Coeff. 

Port-of-Spain 0.811661783 5.17 1.31812E-05 0.000200963 1.856833632 1.103287957 
Chaguanas 0.751126109 4.825 1.16548E-05 0.000200484 1.732925004 1.094018311 

Arima 0.770529102 5.06 1.36525E-05 0.000200913 1.817326533 1.082386262 
San Fernando 0.754586194 4.44 1.17029E-05 0.000200102 1.59465016 1.095979491 
Sangre Grande 0.776259306 4.98 1.51234E-05 0.000200983 1.788594098 1.07229862 

Rio Claro 0.754936589 4.48 1.30902E-05 0.000200236 1.609016377 1.08132821 
La Brea 0.75887868 4.39 1.20632E-05 0.000200225 1.576692387 1.094925269 

Point Lisas 0.730507363 4.59 1.04624E-05 0.000200366 1.648523476 1.096822006 
Tabaquite 0.858113704 4.65 1.37959E-05 0.000200559 1.670072802 1.123115536 

Diego Martin 0.836569243 5.31 1.38287E-05 0.000200422 1.907115393 1.112020638 
Guayaguayare 0.773734752 4.23 1.53919E-05 0.000200417 1.519227517 1.069878533 
Princes Town 0.575346577 4.36 4.95865E-06 0.000200041 1.565917724 1.055912154 

 

av. =  1.090164416 
stdev.= 0.018814536 
cov =  0.017258439 
av+stdev= 1.108978951 

Tobago 1 6.02 0.0000334 0.000200579 2.162115757 1.062464745 
Dominica 0.699557298 5.35 0.0000091 0.000200969 1.921481611 1.091750915 
Antigua 1 5.69 0.0000285 0.000200835 2.043594461 1.061607512 

Barbados 0.593488437 3.47 0.0000090 0.000200484 1.246269381 1.029974695 
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Table 4 CR1 Risk Coefficient Results 
Location P’ Median Cap  Ss Mean H(Ss) Mean MAF Cap Ss,10% Risk Coeff. 

Port-of-Spain 0.775775752 1.57 2.03572E-05 0.000200886 0.563874043 1.034631271 
Chaguanas 0.834352947 1.473 2.33322E-05 0.000200263 0.529035965 1.045525623 

Arima 0.780295521 1.45 1.8173E-05 0.000200067 0.52077539 1.054201194 
San Fernando 0.828316333 1.375 2.29275E-05 0.000200887 0.493838732 1.044056515 
Sangre Grande 0.819578057 1.068 2.06148E-05 0.000200741 0.383578011 0.81094717 

Rio Claro 0.822219789 0.994 2.04659E-05 0.000200396 0.357000509 0.813213004 
La Brea 0.833731812 1.386 2.38428E-05 0.000200892 0.497789442 1.041400506 

Point Lisas 0.82827498 1.43 2.32344E-05 0.000200619 0.513592281 1.041769333 
Tabaquite 0.796676476 1.341 1.91767E-05 0.000200637 0.481627447 1.051588312 

Diego Martin 0.771513033 1.592 2.01762E-05 0.000200448 0.571775463 1.033952012 
Guayaguayare 0.826016882 1.215 2.23768E-05 0.00020004 0.436373861 1.046460099 
Princes Town 0.81329339 1.325 1.9962E-05 0.000200144 0.47588096 1.055168425 

 

av. =  1.006076122 
stdev.= 0.090860955 
cov =  0.090312207 
av+stdev= 1.096937077 

Tobago 0.424347744 1.437 1.94302E-06 0.000200483 0.516106369 1.059766672 
Dominica 1 1.755 8.35211E-05 0.000200722 0.6303178 1.021584764 
Antigua 1 2.115 0.000113981 0.00020016 0.759613758 1.113803165 

Barbados 0.50054298 1.398 5.13266E-06 0.00020039 0.502099307 1.189808784 

 
 

However, for the procedure used in the present 
study, the boundaries are not constant but typically 
within 1.3 ± 10%, and 3.0 ± 10% standard deviations to 
the left of �̂�𝑠𝑐𝑐 . Given the small magnitude of these 
variations, the effect on the calculated risk coefficients is 
deemed negligible.  It is also noteworthy to mention that 
the boundaries used by Vamvatsikos (2015) for left-
biasing (i.e., 0.5 to 3.0 standard deviations) are different 
than the boundaries used in the present study (i.e 
approximately 1.3 and 3.0).  However, since the more 
refined approach of regression analysis using 7 points 
was used in the present study, the result is expected to be 
more accurate than the Vamvatsikos (2015)’s approach 
which is based on 3 points. 

The risk coefficient maps for the United States 
indicate CRS and CR1 values typically in the range of 0.88 
to 0.97 for the former, and 0.87 to 0.95 for the latter, 
with some notable exceptions. As regards the island of 
Hawaii in the Pacific, and Tortola and Puerto Rico in the 
Caribbean, the values are 1.28, 1.05, and 1.0, 
respectively.  Likewise for these islands and for CR1, the 
values are 1.18, 1.0, and 1.01.  

For the present study, the values for the various 
Caribbean territories range from 1.03 to 1.11 for CRS, 
and 1.02 to 1.19 for CR1.  By comparison with the United 
States values, especially for the island states, the extent 
of deviation from the uniform hazard values seems 
reasonable.   
 
5. Conclusions and Recommendations 
Table 5 shows the CRS and CR1 values for various 
locations in Trinidad, and Table 6 shows the 
recommended values for various islands.  Given these 
values, it is possible to use consistently and safely the 
building codes and associated documents for the period 
after 2012 to the present. The risk of litigation is 
eliminated, if these values are adopted by the relevant 

authorities, especially since the values are typically 
greater than unity. 
 

Table 5. Risk Coefficient Values for Different Locations in 
Trinidad 

Location CRS CR1 
Port-of-Spain 1.10 1.03 

Chaguanas 1.09 1.05 
Arima 1.08 1.05 

San Fernando 1.10 1.04 
Sangre Grande 1.07 0.81 

Rio Claro 1.08 0.81 
La Brea 1.09 1.04 

Point Lisas 1.10 1.04 
Tabaquite 1.12 1.05 

Diego Martin 1.11 1.03 
Guayaguayare 1.07 1.05 
Princes Town 1.06 1.06 

 
 

Table 6. Risk Coefficient Values for Different Caribbean 
Countries 

Caribbean Country CRS CR1 
Trinidad 1.11 1.10 
Tobago 1.06 1.06 

Dominica 1.09 1.02 
Antigua 1.06 1.11 

Barbados 1.03 1.19 
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Abstract: This paper assesses what is needed to sustain the integrity of assets in Trinidad and Tobago’s Energy Sector 
by identifying gaps in knowledge. The next step in continuing research outside the scope of this paper will be to 
conceptualise and propose a framework for an Asset Integrity Management System (AIMS). The approach used was to 
compare global and local AIMS to establish best practices and investigate the critical success factors required for a 
sustainable AIMS implementation. Next an analysis was done of global governmental regulations shaped by major 
accidents, and local safety regulations and the gap between AIMS research and practice identified. Finally, the 
findings of the National Facility Integrity Audit conducted in 2016 were explored. This research was limited to 
organisations in the local energy sector of Trinidad and Tobago. A large gap in knowledge was identified both in 
AIMS and associated governmental regulation. A robust AIMS will provide assurance to organisations that major 
accidents which are potentially business eliminating can be averted. It is also of paramount importance to the energy 
sector whose contribution to GDP was 42% in 2014, making that sector the major revenue provider to the government.  
The focus is how to communicate a standard and consistent message of a robust AIMS, and how to ensure that it is 
integrated into the existing business management system. Future research can focus on testing the proposed 
framework developed from the gaps identified with a larger sample of energy sector companies and use the findings to 
develop a national framework for AIMS for the energy sectors. 
Keywords: Asset integrity management; critical success factors; governmental regulations; process safety indicators. 
 
1.  Introduction 
Codes and Standards  provide common frameworks that 
ensure repeatability and consistency, thereby boosting 
competitiveness. Over the last fifteen (15) years we have 
observed that even though some companies have been 
able to implement very rigorous Asset Integrity 
Management Systems (AIMS): The majority across the 
Energy Sector have not. Without a proper AIMS, 
organisations expose themselves to major accidents that 
may result in significant asset loss; fatalities; or even 
environmental consequences as have happened in the 
Gulf of Mexico in 2010 with the Macondo disaster. That 
accident resulted in the organisation losing more than 
US$62 billion, 11 fatalities and disastrous environmental 
impact (NEBOSH, 2017).  

The number of oil spills recently in the La Brea 
Area, Trinidad and Tobago, is a direct result of a failure 
to ensure the integrity of the assets in the Energy Sector.  
These events prompted a comprehensive audit 
commissioned by the Ministry of Energy and Energy 

Industries (MEEI) on 30 Energy Sector Companies 
across the Upstream, Midstream, and Downstream 
sectors (Lashley, 2017). The primary purpose of the 
audit was to establish the integrity of facilities in the 
T&T domestic energy sector. More than 75% of oil, gas 
and manufacturing facilities in T&T are ‘ageing, or have 
been retrofitted to extend their economic lives. In 
recognition of their ageing energy infrastructure, the 
upstream companies embarked on a massive 
maintenance program following the 2010 Macondo 
accident to ensure that their facilities were up to 
international HSE standards. In the downstream sector, 
companies periodically conduct turnarounds to avoid 
unwanted accidents (Koch, et al., 2016).  

An asset is defined as a physical item and related 
system that has a distinct and quantifiable business 
function in and potential or actual value to an 
organisation (IAM, 2004). Integrity in this study refers to 
Technical Integrity (TI), which is the state of being intact 
or the condition of being unified or complete (Murray, 
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2013). TI can also be described as the overall state of 
confidence in terms of functionality, operability and 
reliability (Rahim, et al., 2010). An AIMS assesses the 
ability of an asset to perform its required function safely, 
efficiently and effectively whilst protecting health, and 
the environment. It ensures that people, systems, 
processes and resources that deliver integrity are in 
place, in use and will perform when required over the 
whole lifecycle of the asset. The AIMS should address 
the quality at each stage of the asset life cycle, from the 
design of new facilities to maintenance management and 
decommissioning (ISO-55000, 2014). 

Trinidad and Tobago has a very rich history in oil 
and gas which celebrated its centennial anniversary in 
2008. This southern-most Caribbean twin-island nation 
has enjoyed a 144-year long association with the oil 
industry during which the world’s major energy 
companies have, at one time or another, been attracted to 
the country (Guyadeen, 2010). While oil has declined 
over the last 31 years, Trinidad is now a gas driven 
economy with the natural gas production more than 
quintupling in the 21-year period from 1988 to 2008, 
increasing by 464.1% with the bulk beginning in 1999 
(Renwick, 2010). The importance of the energy sector to 
the economy is evident as this sector’s contribution to 
GDP stood at 42.0% in 2014, compared to 22.7% in 
1988 (Guyadeen, 2010). Placide (2010) asserts that 
“people must be the drivers if we are to sustain a 
competitive world class energy sector with deeper, 
broader and more complex and environmentally 
responsible industries.”  

Improved fiscal terms by the government have 
changed the economics of new capital investment in 
upstream and many of the international oil companies 
(IOCs) are now very interested in future growth projects 
in the energy sector. In 2014, deep water production 
sharing contracts were awarded to several IOCs. 
Exploratory wells drilled in the deep-water acreage to 
date have confirmed the presence of a working 
hydrocarbons system. Deep and ultra-deep-water is yet 
to be fully explored and can represent vast potential. 
Jeffrey’s (2015) states that “the country and particularly 
the local energy sector organisations will need to greatly 
streamline and optimise processes, if they are to 
capitalise in these exploration and production 
opportunities, particularly in the current challenging 
external environment”. Following the major asset 
damage resulting in massive oil spill and environmental 
damage in 2013 and 2014, and the findings of the 
National Facility Integrity Audit (NFIA), indicated that a 
robust framework for Asset Integrity Management is 
lacking. Based on a literature review and analysis of 
existing practices, this paper identified gaps in 
knowledge and proposes a framework for Asset Integrity 
Management. 

 
2. Critical Success Factors AIMS Implementation 
This research was grounded in critical success factors 

(CSF) as identified in the literature review and the 
experience gathered in AIMS implementation during the 
period 2005 to 2018. The review of literature drew on 
research from the Texas City (Hopkins, 2010); Macondo 
(Hopkins, 2012); journal articles (Ratnayake and 
Markeset, 2011; Hought, et al., 2013); ALNG AIMS 
Implementation (2013); CCPS Vision 2020 (2014); T&T 
NFIA (Koch, et al., 2016), and the Shell Global AMS 
Implementation (2018).  

The CSFs identified for AIMS implementation 
were:  
• Disciplined adherence to standards; performance 

monitoring, control, assurance and management 
review.  

• Appropriate organisation with effective planning and 
communications at all levels.  

• AIM as part of an integrated management system that 
is embedded through significant employee 
engagement.  

• Strong, committed and visible process safety 
leadership.                                                 

• Intentional process safety competency and capability 
development. The top five areas identified as the 
lowest industry averages from the NFIA are perfectly 
aligned with these CSF. 
 

3. Government Regulations, Major Accidents and 
AIMS  

Sovacool (2008) reviewed major energy industry 
accidents from 1907-2007.  The main contributors to 
these accidents were a combination of technical 
complexity, tight coupling, speed and human fallibility. 
These have resulted in an increase in the number of 
accidents particularly in the natural gas, oil and nuclear 
sectors, as highlighted in Figure 1.  

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Energy accident frequency by decade and source 
Source: Abstracted from Sovacool (2008) 

  
This review examined the social and economic cost 

of major accidents. During this time 279 incidents were 
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documented to be responsible for a loss of 41 Billion 
USD in property damage and 182,156 deaths. The 
majority of deaths, 176,134 were as a result of 3 major 
accidents. This is different from occupational safety 
which has shown a significant improvement over the 
years and highlights the need to prevent major accidents. 
It is important to remember that while natural resources 
bring with them great social and economic promise that 
provides financial growth and services for communities, 
the infrastructure currently in place to deliver these can 
surreptitiously breakdown and in rare circumstances 
destroy the very community it intends to serve. 

This review of the social and economic cost of 
major accidents is important for three main reasons. 
Firstly, whilst dozens of indices to measure strengths and 
weaknesses of the energy sector have been crafted, there 
are no catalogued inventories of major energy accidents 
that look beyond individual technologies. Secondly, most 
studies have focused on the impact of externalities 
associated with energy production and seldom explore 
the energy accidents in detail and the cost that is inflicted 
on society and the economy. Thirdly, the frequency of 

major energy accidents depends greatly on how 
communities and countries manage their energy 
resources. Exploring where and when they occurred, 
drives us to start asking why and under what conditions. 
This review has shown that the death and destruction 
associated with large scale energy technologies are 
significant. Since it is systemic, it can be predicted to 
occur with certainty well into the future. Can better 
governance improve energy systems and prevent these 
failings of energy technology? We will analyse some of 
the Major Energy Industry Accidents that have shaped 
AIMS (CCPS, 2012). These are summarised in Table 1. 

Lindoe, et al (2012) reviewed the governmental 
regulations of the UK, Norway and the US that were 
shaped by major accidents (Ekofisk Bravo Platform – 
1977; Piper Alpha – 1988; Texas City – 2005 and 
Macondo – 2010), and compared the approaches taken in 
developing risk regulation regimes. Factors considered 
were the political-administrative and legal orientation, 
socio-cultural values, and industrial and labor relations. 
The empirical bases for this analysis were provided by 
multiple sources of information which included research

 

Table 1. Major accidents that have shapes AIMS 
 Major 

accident 
AIMS 
Element 

Gaps identified 

1 Flixborough 
(1974) 

management 
of change and 
risk analysis 

Hazard identification and management of change within the facility was poor, maintenance and 
operating procedures inadequate. Facility layout and control room design did not recognise the 
possibility of major disaster occurring. 

2 Bopal (1984) process safety 
barrier failures 

Operating outside safe operating envelope, continuing operations with safeguards impaired. Critical 
safety systems not functioning properly. 

3 Challenger 
(1986) 

Leadership 
and culture 

Well documented history of middle management repeated violation of safety rules, normalisation of 
risk and failure to communicate risk to top decision makers. Nonexistence of a strong safety culture 
and ineffective leadership. 

4 Chernobyl 
(1986) 

procedures No secondary containment around reactor or the steam system, making the operations critically 
sensitive to procedures. The primary cause of the accident was the blatant disregard for formal 
operating procedures.   

5 Piper Alpha 
(1988) 

control of 
work 

Inadequate management oversight and follow up on several outstanding issues 

6 Brad 
Chemical Fire 
(1989) 

audits Previous audits had identified many of the process safety issues that contributed to the incident, but no 
actions had been taken to address these concerns. None of the workers were qualified to work with 
chemicals.   

7 Castlefield – 
Batch Still 
Fire (1992) 

process safety 
information 

Lack of formal chemical data on the residue in the still. Materials not tested for hazardous properties. 
A management of change protocol should have been applied before any attempt was made to remove 
the unknown sludge. 

8 Longford 
(1998) 

training and 
competence 

Hydrate problems and process upsets were frequently encountered but seldom reported or investigated. 
Hazard Analyses not conducted even though numerous changes were made. Inadequate competence in 
managing Cold Temperature Metal Embrittlement and process operations. 

9 Tosco 
Refinery Fire 
(1999) 

asset integrity Pinhole leak on 6" Naphtha draw off line, entire line was severely corroded and had to be replaced. 
Change to processing scheme altered conditions within the line which was not monitored. Several 
serious errors made during the maintenance planning and field execution.  

10 Colombia 
(2003) 

learning from 
experience 

Organisational contributors to the accident were normalisation of deviance; denial of vulnerability; 
lack of consistent, structured approaches identifying hazards and assessing risks; as with other major 
accidents like the Challenger (1986) and Apollo I (1967). "NASA organisational culture had as much 
to do with the accident as the foam". Conflict between production and safety goals.  

11 Resin Plant 
Explosion 
(2003) 

Physical 
warning signs 

Management personnel were aware of the dust hazards; however, they initiated no action, and the 
problem was not corrected. Failure of the temperature controller and opening of the oven door to cool 
presented the opportunity of an ignition source for the dust cloud that was created by the maintenance 
activity. 

12 Jilin, Benzene 
Plant 
Explosion 
(2005) 

human factors, 
operating 
error 

Incorrect execution of operating procedure during critical phase of operation. Corporate and facility 
management had not considered the possible consequence of major incidents resulting from failure to 
enforce process safety protocols - weak process safety leadership. 
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Table 2. Major Accidents and Phases of Regulatory Regimes 

Time Major accident UK-regulations Norwegian-regulations US-regulations 
1961 - 
1970 

Sea Gem (1965) 
Amoco Cadiz (1969) 

Continental Shelf Act (1964) Petroleum Act (1963) Outer Continental Shelf Lands Act 
(1953) 

1971 - 
1980 

Bravo (1977) 
Alexander Kielland 
(1980) 

Mineral Working (Offshore 
Installation) Act (1971), Robens 
report (1972), HSWA (1974), 
Burgoyne Committee (1977) 

Regulations relating to safe 
practices (1975 and 1976), Work 
Environment Act (1977) 

 

1981 - 
1990 

Piper Alpha (1988) The Lord Cullen Report (1990) Principles of internal control 
(1981), Petroleum Act (1985) 

 

1991 - 
2000 

 Offshore Safety Act (1992) Petroleum Act (1996)  

2011 - 
2011 

BP Macondo (2010) Offshore Installation (Safety 
Case) Regulations (2005) 

Revised regulations (2011) Separation of leasing function and 
creation of BOEMRE agency, new 
prescriptive rules and SEMS rule 
(2010. 2011) 

Source: Abstracted from Lindoe, et al. (2012) 
 

Table 3. Characteristics of Control Components - 3 Regimes 

Regime Information gathering Standard setting Behaviors modification 
USOCS Legal requirement of loss time injury, oil 

and gas emission, but not yearly updating 
of safety performance data. Initiatives 
taken to improve voluntarily reporting 

Laws and regulations with prescriptive 
detailed rules providing a multitude of 
legally enforceable requirements with 
industrial standards included. 

Unannounced and announced inspections 
using detailed checklists of “Potential 
Incidents of Non-Compliance” (PINC). Hard 
policing and sanctions for non-compliance. 
Low involvement of workers and unions. 

UKCS Requirement to report injuries, diseases 
and dangerous occurrences. Yearly 
reports and statistics provided by HSE. 
The “Key program” provides important 
safety indicators 

Goal and risk-based regulation with a 
detailed “Safety case” has to be 
qualified by independent and competent 
actor and approved by HSE 

A flexible approach balancing enforcement 
with the industries choice of technology and 
systems to meet safety standards. 

NCS A monitoring program of safety 
performance based on tripartite effort has 
been developed since 2001. Gives priority 
for regulators enforcement strategy. 

Coherent and integrated laws and 
regulations. Risk and performance 
based with use of legal standards with 
flexible interpretation and use of 
industrial standards. 

Based on dialogue, trust based and soft 
instruments as enforcement strategy. 
Involvement of workforce, unions at 
national, industrial and company level. 

Source: Abstracted from Lindoe, et al. (2012) 

 
projects on the Norwegian and US approaches. The 
information was related to technological change, safety 
management and regulation, legal documentation from 
the countries, and key documents in the aftermath of the 
Macondo disaster. Table 2 summarises the 
interconnection and relations between major accidents 
and the development of the three regimes. Table 3 
summarises some of the different characteristics of the 
US, the UK and Norwegian regimes. 

Major accidents have led regulatory agencies in the 
UK and Norway to replace their prescriptive regulations 
with performance-based regulations. The US approach, 
however, has remained essentially unchanged with a 
prescriptive and technically detailed approach to their 
safety regulations. Following the Macondo accident in 
the Gulf of Mexico in 2010, the question of robust risk 
regulation for offshore oil and gas production facilities 
has had significant consideration in both the political and 
industrial agenda, not only in the US but in other oil and 
gas producing countries including Norway and the UK. 
The main US regulator was transformed into a successor 
agency, the Bureau of Ocean Energy Management, 
Regulation and Enforcement under the parentage of the 

Department of Interior. Several more stringent 
prescriptive rules on many aspects of deep-water drilling 
were imposed on existing MMS regulations based on the 
findings of the accident investigations and analysis. This 
replaced the initial moratorium that was placed on deep-
water drilling through Presidential Order.  

In T&T, the first HSE Regulations relevant to 
managing the risks around machinery, plants and 
hazardous process were the Factories Ordinance Chapter 
30 No.2, 1950. This, however, proved to be inadequate 
and was replaced by the Occupational Safety and Health 
Act of 2004 (Ministry of the Attorney General, 2013). A 
significant gap still exists around asset integrity and 
process safety. 

 
4.  AIMS Practice and Research 
Process safety indicators can provide insight into the 
safety of organisation processes, but a silver bullet has 
not yet been identified.  It is also clear that indicators for 
occupational safety do not necessarily have a 
relationship with process safety. These indicators have 
been derived from both scientific literature  (see Table 4)  
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Table 4.  Process safety indicators from scientific literature 

Process safety indicators Scientific literature references 
Alarms, failures, number per time period Martorell et al. (1999), Hopkins (2009), Bandari and Azevedo (2013) 
Exposure to dangerous substances/activities Martorell et al. (1999), Sklet (2006), Kampen et al. (2013) 
Process deviations, number Sonnemans and K€orvers (2006), K€orvers and Sonnemans (2008), Hale 

(2009), Kongvik et al. (2010), Oien et al. (2011) 
State of safety, unwanted Grabowski (2007), Bandari and Azevedo (2013) 
Incidents, number K€orvers and Sonnemans (2008), Kampen et al. (2013) 
Leakages, number, amount Vinnem et al. (2006), K€orvers and Sonnemans (2008), Harms (2009) 
Barriers quality Bellamy (2009), Dryeborg (2009), Hale (2009), Reiman and Pietikainen 

(2012), Bandari and Azevedo (2013) 
Fires, explosions, number, costs Vinnem et. al (2006), Vinnem (2010), Bandari and Azevedo (2013) 
Loss of containment, amount, number Webb (2009), Bandari and Azevedo (2013) 
Process design, failures, maintenance, quality control Harms-Ringdahl (2009) 
Tests, failures Hopkins (2009) 
Safety systems, frequency of activations Kampen et al. (2013), Bandari and Azevedo (2013) 
Inherent safe installations, numbers Kampen et al. (2013) 

Source: Abstracted from Swuste, et al. (2016) 

Table 5. Process safety indicators in professional literature 

Process safety indicators Professional literature references 
Alarms, failures, number per time period OGP (2011), OGP (2008) 
Exposure dangerous materials/activities UK Oil and Gas Industry (2006) 
State of safety, unwanted OECD (2008a, b) 
Incidents, number CCPS (2011) 
Leakages, number, amount CCPS (2011), ANSI_API (2010), Cefic (2011) 
Fires, explosions, number, costs OGP (2011), HSE (2006), CCPS (2011), ANSI_API (2010),  Cefic (2011) 
Loss of containment, amount, number OGP (2011), HSE (2006), CCPS (2011), ANSI_API (2010),  Cefic (2011) 
Process design, failures UK Oil and Gas Industry (2006), OGP (2011), OGP (2008)  
Maintenance, quality control, failures OECD (2008 a, b), OGP (2011), OGP (2008), OECD (2008a,b)  
Safety systems, frequency of activations OGP (2011), ANSI_API (2010) 
Inherent safe installations, numbers OECD (2008a, b) 
Process disturbances outside design envelope, numbers EPSC (2012), ANSI_API (2010) 
Safety systems, frequency of failure HSE (2006), ANSI_API (2010) 
Storage dangerous materials, amounts OECD (2008a, b) 

Source: Abstracted from Swuste, et al. (2016) 

 
and professional literature (see Table 5) (Swuste, et al., 
2016). Indicators are tools for safety monitoring of a 
system. Serious accidents are never the result of one 
assignable error or malfunction, but a pattern of events 
which have their roots in technology, the organisational 
and management domains. It is questionable whether 
such a pattern can be caught by one or a limited number 
of indicators. The definition of process safety indicators 
from both professional and scientific literature fits well 
together. The difference is that the professional literature 
focuses on improving and benchmarking while scientific 
literature focuses on effectiveness of barriers and safety 
levels.  

 Step change in safety of the UK Oil and Gas 
Industry has modified Shell’s Hearts and Mind metaphor 
to specific leading indicators as shown in Figure 2. This 
H&M metaphor aspires to create a safety culture where 
the workforce is intrinsically motivated in HSE matters--
people doing the right things naturally rather than forcing 
them to, resulting in lasting change. This concept of 
Watts Humphrey’s original Capability Maturity Model 
with its five levels of initial, repeatable, defined, 

managed and optimising can further be developed to 
assess the effectiveness of AIMS (Paulk, 1996). Leading 
indicators in step change in safety are also represented 
by the process safety indicator pyramid (see Figure 3).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Safety culture maturity model 
Source: Abstracted from Fleming (2001) 
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Figure 3. Process safety indicator pyramid 
Source: Abstracted from ANSI/API (2010) 

 
 

   Whilst experienced operators can identify weak 
signals or deviations from their process and act upon 
them to prevent major accident scenarios, process safety 
indicators serve as an additional instrument. It shows 
changes in risk levels and their relationship with the 
effectiveness of safety management systems in place. It 
is premature to use process safety indicators as a 
predictor for future major accidents currently, as these 
have only been a topic in professional and scientific 
literature since 2008 (Knegtering and Pasman, 2013). 

 Risk analysis has been one sustainable approach 
used in AIM in practice and supported by numerous 
research studies (Shahriar, et al., 2012).  Researchers and 
practitioners constantly keep looking for ways to 
improve how risk is managed, especially in industries 
where major accident hazards are a real likelihood to 
occur (Bigliani, 2013). Significant models have been 
developed to assess the health of asset integrity and risk 
exposure, particularly for pipelines and process piping 
systems. Statutory requirements demand that automated 
leak detection systems are installed for new and 
upgraded pipelines (Zhang, 1996). A major cause of 
pipeline failures leading to large leaks or even exposure 
is due to third parties either intentionally damaging the 
line to steal product or accidental damage by intrusion 
into the pipeline right of way (Nikles, 2009).  

To detect and locate pipeline rupture immediately, 
the leakage detection method plays a key role (Yang, et 
al., 2011). Wireless sensor networks are also used to 
remotely monitor pipelines, natural gas leaks, corrosion, 
H2S, equipment condition, and real-time reservoir status 
(Akhondi, et al., 2010). Similar challenges are also 
possible in offshore subsea conditions and can be 
complicated by poor visibility (Jasper, 2012). Models for 
assessing corrosion risks were also developed. Corrosion 
pitting is recognised as the most severe type of corrosion 
because of the high rates at which pits can grow in 
pressure vessels and pipelines (Velázquez, et al., 2009). 
Fatigue stress initiation in pipelines has been attributed 
to corrosion defects which is exacerbated by cyclic 
loading (Ossai, et al., 2015); (Garber, et al., 2017).  

Decision analysis frameworks have also been 
developed that incorporates structured expert judgement 
and analytic hierarchy process (Dawotola, et al., 2011); 
(Ratnayake, 2012). Risk based inspection models for 
pipelines (Dey, 2001), process plants, oil refineries 
(Bertolini, et al., 2009), as well as condition-based 
maintenance models for the oil and gas industry 
(Telford, et al., 2011) and other models have been 
developed with an aspiration to achieve sustainable 
AIMS (Ossai, et al., 2014). Corrosion can also 
significantly reduce the integrity of structures resulting 
in increased possibility of failure. To mitigate this risk a 
fuzzy logic-based model for predicting the rate of 
corrosion was also developed (Singh, 2009).    

 
5. National Facility Integrity Audit 
The audit protocol for the NFIA was derived from DNV 
GL’s international safety rating system, 8th edition, and 
included the requirements of: OSHAS 18001 Health and 
Safety Standard; ISO 14001 Environmental Management 
System; ISO 9001 Quality Management Systems; ISO 
55000 Standards for Asset Management; ISO 31000 
Risk Management; OSHA 1910 Occupational Safety and 
Health Standards; and SEVESO II Directive -96/82/EC 
Directive on the COMAH approach. Table 6 gives the 
scoring methodology that was used. 

The final report from the NFIA indicated that the 
average score of their AIMS was 1.89 (Koch, et al., 
2016). Energy organisations globally and locally are 
expected to have a score between 3.0 and 3.5 or even 
better for mature assets. Such an efficient AIMS provide 
assurance that major accidents that are potentially 
business eliminating can be averted.  

 

Table 6 Audit Scoring 
Score Stage Stage Description 
0 Learning The activity/practice is absent or ad hoc and little awareness of the expectation is in place. 
1 Developing The activity/practice exists, although it may be incomplete and undocumented. 
2 Implementing The activity/practice is documented with implementation ongoing, but not fully mature. 
3 Managing The activity or practice is documented and effectively implemented. 
4 Optimising The activity or practice is effective and efficient. Visible continuous improvement culture/efforts are in place. 
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Figure 4 gives a comparative analysis of some of the 
core variables that is the focus of this study. The biggest 
gaps between the best in class and lowest performing 
sub-sector are in the areas of risk management; training 
and competence; leadership; and asset management 
(systems and processes). The best performing sub-sector 
is the IOC Downstream. Figure 5 gives the overall 
sector’s performance on the systems audit and equipment 
audit. The best performance organisation in the Systems 
Audit scored 3.7 above the national average of 2.02 and 
is clearly at the optimising phase. The least performing 
organisation scored 0.19 and is at the learning phase. 
Similar trends were observed for the Equipment Audit. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: NFIA performance of the five worst overall performing 

AIMS elements across the Energy Sector. 
 
 
 
 
 
 
 
 
 
 
 
  

   
 
Figure 5: Performance of local energy sector organisations in the 

AIMS Audit 
Source: Abstracted from Koch, et al. (2016) 

  
 

The performance of the AIMS showed a wide 
variation across the industry, due to a lack of a common 
standard. The Equipment Audit showed a wide variation 
in the apparent management and condition of the assets 
across the industry. Joint Venture companies generally 
had the highest scores. There is a need for a common 
understanding and definition of Asset Integrity (AI) and 
AIMS. In many cases, company programs, analysis and 
trending of data are more developed and detailed for 
personal safety (HSE) than for AI. There is a lack of 

specific milestone targets and AIMS integration. 
Moreover, the industry is not effectively sharing best 
practices. Risk ranking and prioritisation policies for 
repair/replace decisions are almost nonexistent (Koch, et 
al., 2016) 

Based on these findings the following questions 
arise: Why is there such a wide variation across the 
industry in the performance of AIMS? Why do joint 
venture owned companies generally have the highest 
scores? How would a common understanding and 
definition of AI and AIMS improve AIM 
implementation? Why are company programs for health, 
safety and environment (HSE) more developed than 
programs for Asset Integrity, and analysis and trending 
of HSE data more detailed than that of AI data? Why is 
the industry not effectively sharing best practices in 
AIMS? Some of these questions would provide a good 
basis for developing a national asset integrity 
management framework that can be sustainable if 
implemented successfully, effectively raising the 
competitiveness of energy sector organisations. 

The findings of the NFIA have helped the Ministry 
of Energy and Energy Affairs shape the national vision 
for AIMS with the four aspirations (Lashley, 2017):  
1) An enhanced standing for T&T as an active and 

competitive center for oil and gas exploration and 
production, and petrochemical industry 
development, committed to AIM on par with or 
exceeding other successful oil and gas producing 
countries, like the UK, USA and Norway.  

2) Creating an environment where all operators 
effectively and consistently manage the risk of 
failure throughout the life cycle of any structure, 
plant, equipment, or system to prevent or limit the 
effect of a major asset integrity incident.  

3) Total involvement and commitment of stakeholders 
at all levels, united in the belief that effective 
management of asset integrity is crucial to T&T 
maintaining and growing its position with respect to 
the oil and gas sector.  

4) Realisation of a significant downward trend in the 
number and severity of AI-related incidents and 
ultimately achieving the shared vision of zero 
incidents.  

 
6. Comparing Global and National AIMS  
A comparison was made between the global and national 
AIMS that have been implemented in the energy sector 
to determine if it correlated with the findings of the 
NFIA.  This finding stated that many local companies do 
not perform benchmarking of their asset integrity 
programs against industry peers or other high hazard 
industries. The organisations looked at were: National 
Energy Companies (The National Gas Company, 
Petrotrin); local joint venture companies (Atlantic LNG; 
Phoenix Park Gas Processers Ltd (PPGPL); local 
subsidiaries of international companies (e.g., bpTT, 
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bgTT, STTL, PLNL, and PCS); International Energy 
Companies, BG, Chevron, Exxon Mobil, Shell, 
Woodside; global energy sector organisations (CCPS, 
DNV, and OGP). 

The four strategic pillars used for the comparison 
were people, plant, process and performance. Under the 
people pillar the main themes were: 1) leadership, 
commitment and accountability; 2) organisation, 
competency and capability development; 3) third party 
resource management; and 4) external stakeholder 
management. The immediate gaps seen for the IOC 
sample were themes 3 and 4. The NFIA identified low 
industry averages in themes 1 (2.01) and 2 (2.01), in fact 
theme 4, was not even assessed. There is therefore a need 
to continue to study the requirements of the people pillar.    
Under the plant pillar the main themes were: 1) safe and 
secure operation; 2) asset integrity equipment care 
management; 3) license to operate; and 4) facility 
optimisation and value creation. A clear gap for the IOC 
sample was not obvious. However, the NFIA identified 
low industry averages in theme 2 (2.00). This element of 
the plant pillar should therefore be revisited.  

Under the process pillar the main themes were: 1) 
hazard and effect identification and risk management; 2) 
management of change; 3) records and information 
management (Yeoh, et al., 2008); and 4) learning from 
events and knowledge management. No clear gaps were 
identified under this pillar for the IOC sample. However, 
the findings of the NFIA indicate a further need for 
research in themes 1, 3 and 4. Under the performance 
pillar the main themes were: 1) strategy, business and 
integrated activity planning; 2) performance 
measurement, monitoring and reporting; 3) compliance, 
assurance and management review; and 4) quality 
management and continuous improvement. It is 
immediately evident that there is a big gap in theme 1 
not only for the IOC sample, but also for most of the 
other AIMS. To a lesser extent there is also a gap for 
theme 3. The findings of the NFIA also correlate with 
this, in fact the two lowest industry averages were 
themes 1 (1.83) and 2 (1.84).  There’s therefore a 
definite need to continue researching these two 
requirements of the performance pillar.     

 
7. Discussions and Conclusions 
It is well established that a robust asset integrity 
management system can prevent major accidents in the 
energy sector. Making these organisations more 
sustainable will increase the competitiveness of the local 
economy. However, the research identifies a large gap in 
knowledge of how to implement a robust AIMS. The 
main areas to focus on include how to communicate a 
standard and consistent message of what constitutes a 
robust AIMS, and how to ensure that it is integrated into 
the existing business management system. It is also 
important to distinguish between occupational and 
process safety and to ensure that the right type and level 

of key performance indicators (KPI) are measured to 
determine the health of the AIMS and process safety in 
the sector (Pasman and Rogers, 2014). 

The research corroborates the major findings and 
gaps identified in the NFIA audit; the identified critical 
success factors in AIMS implementation (Yeoh, et al., 
2008); the major recommendations from literature; and 
the aspiration and vision for AIM in the industry by 
global organisations. The five major recommendations 
identified in this study include: 
1) The need for Energy Sector organisations to adopt a 

disciplined adherence to AIMS specific standards- 
performance monitoring; control; assurance; and 
management review.  

2) Ensuring that the Energy Sector organisational 
structures are realigned to deliver the AIMS with 
effective planning and regular communications at all 
levels.  

3.) Integration of the AIMS in the Energy Sector 
organisations as part of the overall business 
management system that is embedded through 
significant employee engagement.  

4) Building and sustaining a strong, committed and 
visible process safety leadership in Energy Sector 
Organisations where executives are personally 
involved, managers and supervisors drive excellent 
execution every day, and all employees maintain a 
sense of vigilance and vulnerability.  

5) Establishment of intentional process safety 
competency and capability development in Energy 
Sector Organisations, to ensure that all employees 
who impact process safety are fully capable of 
meeting the technical and behavioural requirements 
for their jobs. 

Recommendations from the NFIA audit only 
covered a portion of the local energy sector. The next 
step of this research therefore is to conceptualise a 
framework for AIMS based on the gaps in knowledge 
identified and the professional and scientific literature 
reviewed. This framework will then be tested by 
collecting data through surveys and interviews of AIM 
practitioners and senior organisational leaders in the 
energy sector over a greater sample. The findings can 
then be used to develop a national framework for AIMS 
for the energy sector. 
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Abstract: In this paper, refractory properties of a blend of alumina/silica fired at 800, 900 and 1,000 oC for varying 
times of 30 minutes, 1, 3, and 5 hours are validated against those of standard indigenous kaolinitic clay. 
Characterisations of the indigenous clay and blend using X-ray fluorescence complemented with X-ray diffraction 
(XRD) in relation to literature revealed that the indigenous clay is essentially siliceous alumina-silicate containing 
about 51% silica and 40% alumina with high content of alkali oxide but low ferrous oxide content. XRD analysis of the 
synthetic alumina/silica blend showed that the firing temperature and time only had significant effect on the phase 
transformation at temperature of 1,000 oC and time of 5 hours. At this condition, marginal presence of tridymite was 
identified in the alumina/silica blend. Further refractory tests of shrinkage, bulk density, water absorption rate, 
apparent porosity, cold compression strength reinforced with scanning electron micrography present pronounced 
colour variation in the indigenous kaolinitic clay across the firing conditions which is absent in the alumina/silica 
blend. The synthetic alumina/silica blend exhibits refractory properties that approximate those of standard alumina-
silicate for refractory purposes. Linear shrinkage in the refractory blend is within permissible limit of 0-4%, bulk 
density 1.55-1.89 g/cm3, water absorption is 21.7-30.4 % while compressive strength is in the range 1,125-2,017 
KN/M2. The apparent porosity at 45% is however outside the standard for fireclay refractory. These results suggest 
that a blend of alumina/silica can be explored for refractory purpose. 

Keywords:  Firing conditions, morphology natural clay, refractory properties, silica-alumina blend 
 
1.  Introduction 
Traditional refractories for the lining of metallurgical 
furnaces, and other related process reactors are usually 
sourced from inorganic non-metallic oxides or metallic 
oxides such as SiO2, Cr2O3 or clay based materials 
(Esezobor et al., 2014; Sugita, 2008) which is a 
composite of these nonmetallic and metallic oxides 
(Al2O3, SiO2, MgO) (Dmitrij, 2011; Gupta, 2008). These 
materials must necessarily possess high melting 
temperature greater than 15000C coupled with excellent 
resistance to molten metal, ferruginous slag and flue 
gases (Titiladunayo and Fapetu, 2011, Gosin and 
Karaklit, 2010). In addition, they must be able to bear the 
burden of the furnace without failure.  

Clays of the kaolinitic group have been found to 
possess these attributes and as such, represent the natural 
source of raw-materials for the production of refractories 
of all forms, shapes and application. The specific 
kaolinitic group known as fireclay which is basically 
aluminosilicate (Al2O3.2SiO2.xH20) has had the widest 
exploration for refractory purpose owing to its ease of 
fabrication, excellent resistance to chemical attack; and 

being relatively inexpensive compared to other clays. 
Thus, the fireclay group finds application as insulation 
behind hot-face materials, furnace linings, and specialty 
applications such as laboratory crucibles and setters 
(Andrews et al., 2013). This group however varies in the 
distribution of the major constituting oxides depending 
on the history of the geological process that had occurred 
in a particular deposit site. Therefore, composition of 
alumina and silica in fireclay alumina-silicates range 
between 25-45% and 50-80%, respectively (Sadik et al., 
2014). Invariably clay deposits having alumina and silica 
content within this range may be considered adequate for 
the production of refractory bricks or insulators.  

However, it has been reported that the alumina and 
silica contents are not the only parameter that determines 
the adequacy or otherwise of a particular clay type for 
refractory purposes. Some other constituents such as the 
distribution of combustible materials, alkali metal oxides 
and ferrous oxide equally influence the qualification of 
clay for refractory purpose. For instance, Hassan (2005) 
and Jock et al. (2013) reported that impurity oxides such 
as TiO2, Fe2O3, CaO, MgO and alkali oxides act as 
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fluxing agents at high temperatures decreasing the 
eutectic temperature of aluminosilicate refractories. 
Tripathi et al. (2012) equally stated that these oxide 
combine with mullite to reduce the refractoriness of 
alumina. They also facilitate the development of liquid 
phase in the clays at high temperature (Amkpa et al., 
2017). So, there is a close window on the distribution of 
these oxides in fireclay. Thus, the quality of any fireclay 
refractory is primarily dependent on the distribution of 
these impurity oxides in the clay and this eventually 
determines the environment and conditions of 
application. 

Though, Nigeria is credited with extensive clay 
endowments which could be explored for refractory 
purposes. Preliminary findings on the mineral/chemical 
constituents indicate that the deposits are mainly of the 
kaolinitic group but with wide variations in the 
distribution of impurity oxides (Musa et al., 2012; 
Akinwale, 2008; Borode et al., 2000; Hassan and 
Adewara, 1993). Detailed investigations demonstrate 
that these deposits have alumina/silica distribution in the 
range Al2O3 (28-45%)/SiO2 (65-85%) (Sadik et al., 
2014). Such distributions of alumina/silica content falls 
within the specification for refractory brick as provided 
in American Society for Testing and Materials (ASTM) 
standard (ASTM F1312-90, 2013). However, Hemrick et 
al. (2005) shows that the refractory properties obtained 
from these clays are broadly inadequate to permit their 
wholesome deployment as containment/insulation linings 
for high temperature and corrosive environments. This 
shortcoming has been related to the wide distributions of 
the impurity oxides in these clays. Hence, several 
investigators (Apeh et al., 2014; Esezobor et al., 2014; 
Tripathi et al., 2012; Amuda et al., 2005; Lawal et al., 
2005) have either blended clays from different deposits, 
or introduced some organic material to improve 
refractory and insulating properties. In some instances, 
ceramic metallic oxides were equally blended with clays 
to improve either thermal shock resistance or linear 
shrinkage (Apeh et al., 2010; Apeh et al., 2011; Apeh et 
al., 2013). 

Amuda et al. (2005) blended Onibode and Ijoko 
clays both from Ogun State, South West, Nigeria to 
improve the refractory properties of individual clays. 
While, some improvements in refractory properties were 
reported, the issue of the distribution of impurity oxides 
such as iron oxide and alkali oxides was not addressed. 
Lawal et al. (2005) improved insulating properties of 
clays by blending with cowdung generating about 40% 
increase in porosity resulting in corresponding 
improvement in insulation. Hassan and Aigbodion 
(2014) blended Kankara clay from Katsina State in 
Nigeria with coal ash in amount between 5 and 25% to 
enhance linear shrinkage, cold crushing strength and 
thermal shock resistance of the clay. And few years ago, 
Apeh (2014) enhanced refractory properties of some 
local clays by blending with alumina. These works 
reported improvement in refractory properties of the 

relevant clays but the presence and distribution of the 
alkali metal oxides and other combustible materials were 
not investigated; whereas literature has shown that these 
oxide do have deleterious effect on refractory property 
(Omotoyinbo, 2008).  

Therefore, it appears that if a blend of pure quartz 
and alumina is explored, it may be possible to generate 
synthetic aluminosilicate refractory clay devoid of the 
deleterious impurity oxides with properties comparable 
to those of standard refractory clay. More so, Sadik et al. 
(2014) highlighted some reported works on the blending 
of quartz and alumina to generate aluminosilicate 
refractory with zero presence of impurity oxides and 
combined moisture. But such strategy has not been 
adopted and reported widely; and thus, little or no 
information is available on the derivable refractory 
property from such novel blend. This has prevented wide 
scale commercial production of such synthetic 
aluminosilicate clay. Therefore, in the present work, the 
refractory properties of synthetic aluminosilicate 
generated by blending virgin silica sand with processed 
alumina are presented. This is essentially an exploratory 
investigation that seeks to provide the foundation for 
further extensive study in this area.  

 
2. Materials and Methods 
2.1 Materials and Preliminary Treatment 
Virgin clay was mined from Lagos Mainland, South 
West, Nigeria on a global position system (GPS) 
Latitude N 6° 30.502' and Longitude E 3° 23.055' at a 
depth of 1 m below the surface. Silica sand was obtained 
from Badagry Beach, Badagry, South West, Nigeria on a 
GPS Latitude N 6° 25' and Longitude E 2° 53' at the 
Seashore while processed alumina was provided by an 
aluminum primary smelter plant. The virgin mined clay 
formed via surface weathering (erosion) may contain 
some other impurity elements which may influence its 
refractory properties. Viscous sodium silicate was used 
as a binder. A stainless steel cylindrical mould with 
detachable base was fabricated. Figure 1 shows the 
processed clay, silica sand, alumina and the fabricated 
stainless steel cylindrical mould. 

The as-mined clay was crushed using a jaw crusher, 
vigorously agitated in 20 liter water and soaked for seven 
days; after which the clarified water was sieved off. The 
water soaking was necessary to remove both live and 
dead organic matters (lighter materials and as such 
floated on the surface of the water) which could have 
affected the physico-chemical characteristics of the clay. 
The clay sediment was then sun-dried for about fourteen 
days producing a caked lump of clay. Maximum drying 
was obtained at fourteen days because below this 
duration, the water absorbed into the clay during soaking 
was not completely dried-off. This is so because Clay is 
ordinarily characterized by slow drying behaviour 
(Bennour et al., 2015). The sun-dried clay was re-
crushed, pulverized and sieved through an 80 µm 
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aperture sieve to obtain fine clay. The silica sand and 
alumina were similarly treated to remove contaminants. 
However, in the case of alumina, a further controlled 
heating (pyrolysis) to drive off combined water was 
conducted. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Pre-treated materials and fabricated mould: (a) clay 
sample, (b) silica sand, (c) alumina and (d) stainless steel mould 

with detachable base 

 
2.2 Experimental Procedure 
The mineral-chemical constituent of the clay sample was 
determined using energy dispersive X-Ray fluorescence 
spectrometer (EDXRF) Model 9900 Intel high power 
series. A specific amount of the pulverised clay sample 
carefully aggregated with sodium silicate binder was 
pressed in a laboratory hydraulic press to form pellet. 
This was then loaded into the spectrometer’s sample 
chamber and excited at a voltage of 25KV with a system 
current of 1 mA for a period of 45 seconds. The analysis 
was done using the system software after preliminary 
calibration. The process was repeated thrice and the 
average values calculated. The values from the EDXRF 
were validated with those from secondary spectroscopy 
of atomic absorption spectrometry. The difference in 
values ranges between 1 and 4% particularly for the trace 
elements.  

XRD was conducted on the samples to identify the 
mineral oxides present in the various samples. The XRD 
characterisation was conducted using the XRD 
configuration of the Reflection Transmission Spinner 
with a Goniometer setting position of PW 3050/60 on a 
2θ axis with minimum step size of 0.0040 and generator 
settings at 30 mA, 40 KV using a PANalytical’s X’pert 

Pro Multi-purpose Diffractometer System. The 
diffraction spectra were compared with the International 
Centre for Diffraction Data (ICDD)’s crystallographic 
database. This was equally repeated for the fired 
samples.  

Trial runs conducted to determine the amount of 
water necessary for plasticity established optimal 
plasticity at about 10% of clay sample. Hassan and 
Aigbodion (2014) equally reported plasticity in clay at 
10% water content. Therefore, 20g of the various 
samples were weighed and 2g of water was added and 
mixed properly to obtain plastic and mouldable clay. 
Twelve (12) rammed test samples were prepared with a 
cylindrical mould of 3.8 cm diameter and 1.3 cm length 
size, air dried and then further dried via oven drying for 
24 hours and then weighed before firing. Four (4) of 
these test pieces were each fired to 800oC, 900oC and 
1,000oC and soaked at these temperatures for 0.5, 1, 3 
and 5 hours in a carbolite furnace preparatory to the 
various tests of apparent porosity, bulk density, linear 
shrinkage and compressive strength. These tests were 
equally repeated for the alumina/silica blend. The 
alumina/silica blend was fixed at ratio 52/40 
alumina/silica in reference to the distribution of alumina 
and silica in the clay sample. Sodium silicate solution at 
8% was used as binder. 

Apparent porosity and bulk density of the samples 
were determined by drying freshly compacted samples in 
the oven at 1100C for 24 hours to obtain specific constant 
weight (Wa). Thereafter, each of the samples fired at the 
various temperatures and times was soaked in water for 
seven hours and the wet weight of the samples taken as 
Ww. The specimens were later individually suspended in 
a beaker of water with the aid of a thread and the 
suspended weight of the specimen was taken as Ws. The 
apparent porosity (AP) was calculated using Equation (1) 
(Amuda et al., 2005) while the bulk density (BD) was 
determined using Equation (2) where ρw is the density of 
water (Ichetaonye, 2014). 

sw

aw

WW
WW

AP
−
−

=  (1) 
 

Linear shrinkage in percent was determined by 
adding both the dry shrinkage and the fired shrinkage of 
the fired samples. The length dimension of freshly 
compacted samples were measured as Lg and after drying 
in the oven at 110oC for 24 hours as Ld. The dry 
shrinkage (DS) was then calculated using Equation (3); 
while the fired length of the samples after firing at 
specific temperature was measured as Lf. The fired 
shrinkage (FS) was then calculated with Equation (4). 
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The water absorption rate in the samples was 
determined by soaking a known weight (Wd) of fired dry 
sample in 200 ml boiling water for about seven hours 
followed by cooling down to room temperature whilst 
still in the water. Excess water was removed from the 
sample using damped cloth prior to weighing. The wet 
weight (Ww) was then measured and water absorption 
rate (WR) was calculated using Equation (5).  

Loss on Ignition (LOI) in the various samples were 
determined by firing the clay and the alumina/silica 
blend to specified temperatures; and calculating the 
percent weight loss by finding the difference between the 
weight before (M1) and after (M2) firing. LOI was 
calculated using Equation (6).   

The cold crushing strength (CCS) in the fired 
samples was determined by placing the samples in a 
compressive testing machine and applying a load axially 
at a uniform rate until fracture occurred using a well 
calibrated scale. The load at fracture (KN) on a cross 
sectional area (m2) was noted and the CCS was 
calculated using Equation (7). 

Morphology of the fired samples was examined in an 
ASPEX 3020 Scanning Electron Microscope using 
secondary electron imaging (SEI) mode at an 
accelerating voltage of 15 KV. 

 
 

3. Results and Discussion 
3.1 Compositional Analysis of Samples  
The composition analysis of the natural clay as 
determined by EDXRF is given in Table 1. It indicates 
that the natural clay is basically alumino-silicate 
containing about 51 % SiO2 and 40 % Al2O3 and also 
having an iron content of 1.03 wt. %. LOI is quite 
negligible. This suggests that the alumino-silicate is of 
the hydrated type. The impurity oxides of CaO, TiO2, 
MgO, NaO2 and K2O at a combined composition of 
about 8 % is quite high and outside the allowable limit of 
5% reported in literature (Jock et al., 2013). For instance, 
alkali metal oxides (NaO2, CaO, and K2O) act as fluxing 
agents and reduce the fusion temperature of refractory 
clays (Omotoyinbo and Oluwole, 2008). This negatively 
affects the thermal shock resistance and linear shrinkage 
of refractory brick. In comparison with standard 
classification established for refractory, the clay could be 
classified as siliceous acidic fireclay and of the kaolinitic 
group. The pre-treated alumina and silica sand samples 
are considered pure having principal mineral content of 
more than 99 % of the individual compounds with trace 
presence of impurity oxides. Most significant is the very 
low percentages of alkali metal oxides in both the 
alumina and silica sand samples unlike the natural clay 
samples. The very low presence of these impurities in the 
alumina and silica sand samples is expected to result in 
improved refractory properties in alumina/silica blend 
compared to the natural clay sample. The XRD spectra in 
Figure 2 in relation to the ICDD diffraction files 
confirms the presence of principal mineral in the natural 
clay (2a)  and only alumina and silica in the blend (2b). 

 
3.2 Colour Variation in Clay Samples at Different 

Firing Temperatures 
Figures 3-6 of natural clay revealed that at firing 
temperatures of 800 oC, 900 oC and 1,000 oC, there was a 
pronounced change in colour of clay sample from 
creamy white in the unfired state (see Figure 3) to brown 
(see Figure 4) and white brown (Figures 5, 6) as the 
firing time increases. This colour change was as a result 
of the presence of iron III oxide in the natural clay 
together with other impurity elements such as K2O, 
NaO2, CaO and high LOI which often adversely affects 
refractory properties. Onche et al. (2006) reported 
similar colour variation in kaolinitic clay fired to 
1,200oC.

 
 

Table 1. Spectrometric analysis of work samples 

Mineral Compound 
Chemical Composition (wt. %) 

SiO2 Al2O3 Fe2O3 CaO TiO2 MgO Na2O K2O LOI 
Clay Sample 51.31 39.51 1.03 0.14 0.01 0.06 6.02 1.33 0.06 
Alumina - 99.30 0.05 0.22 - 0.25 0.09 - 0.09 
Silica Sand 99.20 - - 0.60 - 0.13 0.07 - - 
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Figure 2: XRD spectra of: (a) natural clay sample and (b) silica/alumina synthetic blend 
 
 

 
Figure 3: Unfired natural clay samples (Control) 

 
 

 
 

 
 

Figure 4: Natural clay samples fired at 8000 C at different time 
intervals:  (a) 0.5, (b) 1, (c) 3 and (d) 5 hr 

 
 

 
 

Figure 5: Natural clay samples fired at 9000 C at different time 
intervals:  (a) 0.5, (b) 1, (c) 3 and (d) 5 hr 

 

 
 

 
 
Figure 6: Natural clay samples fired at 1,0000 C at different time 

intervals:  (a) 0.5, (b) 1, (c) 3 and (d) 5 hr 
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Whereas Figures 7-10 of synthetic clay pellets 
revealed that at firing temperatures of 800 oC, 900 oC and 
1,000 oC, there was a slight change in colour of the clay 
sample from dull silver to bright silver. The absence of 
pronounced colour variation in the blend during firing 
was attributed to the absence of iron III oxide as well as 
other impurity elements in the blend.  
 
 

 
Figure 7: Unfired synthetic clay sample (control) 

 

 
 

 
 
Figure 8: Synthetic clay samples fired at 8000 C at different time 

intervals:  (a) 0.5, (b) 1, (c) 3 and (d) 5 hr 
 

 
 

 
 
Figure 9: Synthetic clay samples fired at 9000 C at different time 

intervals:  (a) 0.5, (b) 1, (c) 3 and (d) 5 hr 
 

 
 

 
 

Figure 10: Synthetic clay samples fired at 1,0000 C at different 
time intervals:  (a) 0.5, (b) 1, (c) 3 and (d) 5 hr 

 
One significant observation was that there was no 

cracking in both the natural clay and the synthetic across 
all firing temperatures and times. Table 2 provides a 
summary of the characteristics of the pellets under all 
firing temperatures and times.  
 

Table 2: Physical characteristics of the sample pellets at different firing conditions 

Material 
 Firing Temperature (oC) 

800 900 1,000 
Colour Crack Colour Crack Colour Crack 

 Time (Hr.)      - 

Natural Clay 

0.5 Deep brown - Brown - Brown - 
1 Reddish brown - Light brown - Yellowish brown - 
3 Yellowish brown - Creamy brown - Light  brown - 
5 Greyish  brown - Creamy brown - Creamy brown - 

Al2O3/SiO2 
Blend 

0.5 Dull silver - Bright silver - Bright silver - 
1 Dull silver - Bright silver - Bright silver - 
3 Dull silver - Bright silver - Bright silver - 
5 Dull silver - Bright silver - Bright silver - 
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3.3 Weight Variation of Natural and Synthetic Clay 
The weight variation expressed in terms of percent 
weight loss in the pellets at different firing conditions is 
presented in Figure 11. The figure shows that the weight 
loss in the natural clay pellets is more affected by both 
the firing time and firing temperature. The percent 
weight loss increases with increasing firing time more 
than with firing temperatures. But, in the synthetic clay 
pellets, it is affected significantly by both the firing 
temperature and time. In the synthetic clay, the loss 
increases with both firing time and temperature. The 
percent weight loss in the natural clay ranges between 
8.21 and 41.07% whilst in the synthetic clay, it is 
between 9.75 and 17.8% across the firing conditions. 
The increase in weight loss with firing time is attributed 
to the increase in the release of chemically bonded water 
and other organic combustible constituents of the natural 
clay. Lawal et al. (2008) reported similar increase in 
percent weight loss with increasing firing temperature. In 
the case of the synthetic clay however, the sodium 
silicate slurry used as binder in forming the alumina and 
silica blend dissociates into free water and sodium silica 
gel at the firing temperatures; and this increases as the 
firing time increases. They subsequently escaped from 
the matrix of the synthetic clay in increasing percent 
with increasing firing temperature and time. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Firing time (hr) 

Figure 11:  Percent weight loss in fired natural and synthetic clay 
at different firing conditions 

  
 3.4  Linear Shrinkage of Natural Clay and Synthetic 

Clay 
The total linear shrinkage in both the natural and 
synthetic clays shown in Figure 12 indicates that, for the 
natural clay, the total shrinkage increases with increase 
in both firing temperature and time. The same trend is 
obtained in the synthetic clay but only at firing 
temperature of 900oC and 1,000oC at firing time of 3 and 
5 hrs. The linear shrinkage in the natural clay ranges 
between 4 and 9.4 whilst in the synthetic clay, it is in the 
range 0 and 4. Gupta (2008) reported that the acceptable 
range for linear shrinkage in refractory is 7-9%. The 
range of linear shrinkage achieved in the current 

investigation is generally within the established range. It 
is interesting to note that the synthetic clay provides 
linear shrinkage in the very low range (0-4%). This is 
probably due to low strain of expansion and contraction 
on account of the absence of impurity constituents in the 
synthetic clay unlike in the natural clay. 
 
 
 
 
 
 
 
 
 
 
 
 

Firing time (hr) 

Figure 12:  Total shrinkage of natural and synthetic clay at 
different firing conditions 

 
3.5 Apparent Porosity of Natural Clay and Synthetic 

Clay 
Figure 13 shows the variation in apparent porosity with 
firing temperatures and times. In the natural clay, 
porosity decreases with increasing firing temperature and 
time. The maximum apparent porosity in the natural clay 
is about 35% at firing temperature of 800oC and firing 
time of 0.5 hr and the least porosity is 22.7% at 1,000oC 
for a firing time of 5 hrs. This trend in the natural clay is 
expected because increasing firing temperature permits 
the closing up of the voids created by escaping volatile 
and combustible matter which eventually restricts the 
escape of the gaseous substance. In the synthetic clay, 
however, the apparent porosity increases with increasing 
firing temperature and time unlike in the natural clay. 
The increase in apparent porosity with increasing firing 
conditions in the synthetic clay is most likely due to the 
greater spores and cleave created by the breakdown of 
the sodium silicate binder in spite of the firing conditions 
closing up the spores.  
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13: Apparent porosity of natural and synthetic clay at 
different firing conditions 
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Literature indicates that apparent porosity should not 
be greater than 24% in fireclay refractory and for 
refractory insulator, it should be greater than 60% 
(Gupta, 2008). The present investigation in relation to 
standards indicates that the apparent porosity in the 
synthetic clay at about 45% is outside the window 
permitted for fireclay refractory and below that for 
refractory insulator. This suggests that the apparent 
porosity obtained in the present investigation is not 
acceptable; and there may be the need to explore another 
binder other than sodium silicate. The trend in apparent 
porosity is similar to the trend obtained with water 
absorption rate in the pellet samples as shown in Figure 
14.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14:  Water absorption of natural and synthetic clay at 
different firing conditions 

 
 

The mechanism prevailing in apparent porosity also 
dominates during water absorption rate. The water rate 
can be taken as a measure of resistance of refractory to 
liquid penetration. A very high water absorption rate 
indicates a very poor resistance to liquid penetration.  
 
3.6 Bulk Density of Natural and Synthetic Clay 
Figure 15 shows the variation of bulk density with firing 
conditions for both the natural and synthetic clays. The 
bulk density increases with increasing firing conditions 
for both natural and synthetic clays. But, the influence of 
the firing conditions is more pronounced in the natural 
clay than in the synthetic clay. The bulk density in the 
natural clay ranges between 1.72 and 2.15 g/cm3; and in 
the synthetic clay, it is between 1.55 and 1.89 g/cm3. The 
bulk density measures the change in weight of clay with 
respect to the total volume of material at a given 
condition of temperature and firing time; where the total 
volume is the sum of both closed and open pores. Thus, 
increasing the firing time temperature and time permits 
greater release of chemically combined volatile matter 
leading to the closure of internal pores. This closing up 
of internal pores reduces the effective volume resulting 
in increased bulk density for a given weight of pellet. It 
is however significant to note that the range of bulk 
density obtained in the present investigation for both 

natural and synthetic clays falls within the maximum 
standard limit of 1.98 g/cm3 for fireclay refractory. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15:  Bulk density of natural and synthetic clay at different 

firing conditions g/cm3 

 
 
3.7 Cold Crushing Strength of Natural and Synthetic 

Clay 
The cold crushing strength of both the natural and 
synthetic clays at different firing conditions is shown in 
Figure 16. The figure shows that the cold crushing 
strength increases with increasing firing conditions for 
both the natural and synthetic clays. The increase in 
strength with firing conditions in the pellets could be 
attributed to increasing solid state fusion within the 
individual grains in the pellets at higher firing 
temperatures and time. However, the increase in strength 
with increasing firing conditions is greater in the natural 
clay than in the synthetic clay. This may be attributed to 
the breakdown of the sodium silicate binder in the 
synthetic clay which weakens the cohesive bond between 
individual grains in the pellet. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16: Cold crushing strength of natural and synthetic clay at 

different firing conditions 
 

 
3.8 XRD Diffraction Spectra of fired Natural and 
Synthetic Clay 
Figure 17 shows the XRD spectra for both the natural 
(17a) and synthetic clay (17b) fired at 1,000oC for 5 hrs. 
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(a) 

(b) 

(a) (b) 

(c) (d) 

The spectra is not significantly different from those of 
the control sample shown in Figure 2 except for shift in 
the diffraction angle (26o) to higher angle (29o) which 
may suggest the existence of volumetric stain in the 
sample. The analysis of the figure in relation to ICDD 
database indicates that there is no polymorphic 
transformation in the natural clay samples; because the 
maximum firing temperature (1,000oC) is below the 
transformation temperature (1,250oC) for polymorphic 
transformation in aluminosilicate fireclay. Therefore, the 
behaviour of the natural clay sample is influenced by 
physical process rather than chemical polymorphic 
transformation. In the synthetic clay, however, the silica 
quartz transformed to tridymite at temperature above 
870oC with volumetric expansion. The expansion 
generates increased pores in the sample; and this might 
have contributed to the increased porosity obtained in the 
synthetic samples in Figure 13. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 17:  XRD spectra for: (a) natural and (b)synthetic clay fired 
at 1,000oC for 5 hrs 

 
 
3.9 Morphological Characteristics of Natural and 

Synthetic Clays 
The morphological texture of the pellets presented in 
Figure 18 shows dispersive chaff-like texture indicating 
that the grains are poorly aggregated in the natural clay 
while in the synthetic clay the texture illustrates the 

existence of aggregated partitioning of the individual 
grains. This may be due to improper mixing in the 
unfired state. The figure further revealed that the natural 
clay fired at 1,000oC for 5 hrs present increased closed 
network of structures. This is attributed to the closing up 
of internal pores in the clay at this firing condition; and 
this is apparently responsible for the decrease in porosity 
and increase in both bulk density and cold crushing 
strength in the natural clay as firing conditions increases 
(see Figures 13, 15 and 16). In the synthetic clay, 
however, there is increased disaggregation in the texture 
at the firing condition due to the breakdown of the 
sodium silicate binder; and this accounts for the trend 
observed in the apparent porosity and bulk density, 
respectively. It is to be noted that similar trend is 
observed at other firing conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18: Morphological texture of the clay samples: (a) natural 
clay before firing, (b) synthetic clay before firing, (c) natural clay 
after firing at 1,000oC for 5 hrs, and (d) synthetic clay after firing 

at 1,000oC for 5 hrs 
 

 
4.  Conclusion 
Refractory properties of a blend of alumina/silica fired 
at 800, 900 and 1,000 oC for varying times of 0.5, 1, 3 
and 5 hours have been validated against those of 
standard indigenous kaolinitic clay; and the following 
conclusions emerged from the investigation: 
1. EDXRF combined with XRD identifies the main 

constituent of the natural clay as Al2O3 (40%) and 
SiO2 (51%) with impurity oxides at about 8%. 

2. The alumina/silica blend exhibits no colour variation 
across all firing conditions due to the absence of 
impurity oxides such as Fe2O3, CaO, TiO2, MgO, 
NaO2 and K2O unlike in the natural clays which 
shows significant colour variation at the firing 
conditions. 

3. The firing temperature and time have no significant 
effect on the refractory characteristics of the 
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synthetic alumina/silica blend except at temperature 
of 1,000oC and time of 5 hrs with the marginal 
formation of tridymite. 

4. There is increase in weight loss with firing time in 
both the natural and synthetic clays. But the weight 
loss in the natural clay is attributed to the increase in 
the release of chemically bonded water and other 
organic combustible constituents of the natural clay. 
Whereas, in the synthetic clay, the sodium silicate 
slurry used as binder in mixing the alumina and silica 
dissociates into free water and sodium silica gel at the 
firing temperatures; and subsequently escapes from 
the matrix of the synthetic clay. 

5. The range of linear shrinkage achieved in the current 
investigation is generally within the established 
range. It is interesting to note that the synthetic clay 
provides linear shrinkage in the very low range (0-
4%). This is probably due to low strain of expansion 
and contraction on account of the absence of impurity 
constituents in the synthetic clay unlike in the natural 
clay. 

6. The apparent porosity in the synthetic clay is outside 
the window permitted for fireclay refractory and 
below that for refractory insulator. This suggests that 
the apparent porosity obtained in the present 
investigation is not acceptable; and there may be the 
need to explore another binder other than sodium 
silicate. Similar trend is obtained in the water 
absorption rate. 

7. The range of bulk density obtained in the present 
investigation for both natural and synthetic clays falls 
within the maximum standard limit of 1.98 g/cm3 for 
fireclay refractory. 

8. The cold crushing strength increases with increasing 
firing conditions for both the natural and synthetic 
clays but the increase is more pronounced in the 
natural clay than in the synthetic clay. This may be 
attributed to the breakdown of the sodium silicate 
binder in the synthetic clay which weakens the 
cohesive bond between individual grains in the pellet. 

9. The alumina/silica blend characterisation suggests 
that the blend has refractories properties within the 
standard for fireclay refractory but the apparent 
porosity is outside the acceptable range provided in 
standards.. 
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Abstract: This paper examines the Haircare Industry in Trinidad and Tobago with particular focus on two 
stakeholders - consumers and manufacturers. A study was conducted to evaluate consumer attitudes toward hair care 
products manufactured and explored the challenges faced by local haircare manufacturers in Trinidad and Tobago. 
An online questionnaire including a measurement scale for ethnocentrism (CETSCALE) was used to ascertain the 
consumer perspective on locally manufactured haircare products. From a sample of 282 people, it was found that 
although most consumers are aware of locally made hair care products, only 44% patronise these products. Quality, 
ingredients and price were found to be the top three factors which influence consumers when purchasing locally made 
haircare products. A CETSCALE score of 3.2 demonstrated that consumers are non-ethnocentric as it pertains to 
purchasing locally made hair care products i.e. they purchase more foreign products than locally made ones. Using a 
compiled database of haircare product manufacturers, 25 companies participated in a study utilising a PESTLE 
analysis and questionnaire to investigate the challenges faced by haircare product manufacturers. It was found that 
the major challenges are the lack of legislature in place to deal with the manufacturing of haircare products and the 
inability to increase market share. Recommendations were made to address these concerns including collaborative 
efforts among all manufacturers to increase awareness and the formation of a Haircare Manufacturers’ Association. 
Keywords: Haircare Products, Consumer Attitudes, Manufacturing, Product Development 
 
1.  Introduction 
In the last decade, there has been an emergence of Small 
and Medium-sized Enterprises (SME’s) that manufacture 
natural hair care products in Trinidad and Tobago 
(T&T). Despite the economic importance of SME’s, 
manufacturers of hair care products have faced many 
challenges when it comes to the expansion of their 
business. Businesses spend thousands of dollars in 
advertising and promotion across all platforms and yet 
they have not reaped the necessary benefits. 

To put this into context, these agencies report an 
annual net profit of approximately $60,000. Some 
persons have experienced a decrease in consumer 
activity despite increases in marketing expenditure, 
while for other SME’s sales have remained constant. 
Studies have shown that consumer attitudes toward 
products manufactured in developing countries are not 
very favourable, as foreign products are deemed to be of 
better quality and of a better value (Wang and 
Heitmeyer, 2005). Understanding consumer attitudes is 
essential for any business in crafting strategies to reach 
consumers and gain market share. There is a need for 
practitioners to understand the driving force which 
affects consumer’s assessment of hair care products 
made in T&T. This study focused on a growing industry 

within the SME sector, and acts as a vital resource for 
identifying and overcoming issues with the purchasing 
and manufacturing of hair care products locally. 
 
2. Background 
According to Morder Intelligence (2018) and Persistence 
Market Research (two market research firms based in the 
United States), there are many factors which drive the 
growth of the global hair care market. Some of these 
include an increase in hair and scalp problems, 
innovative advertising campaigns and technology 
innovations in product manufacturing. According to a 
study done by Euro Monitor International (2015), hair 
care is the leading segment in the beauty market, with a 
growth rate of 23% since 2013 and has been 
experiencing a steady increase. Due to the increase of 
hair related problems among consumers, new hair care 
product innovations to deal with these problems are in 
high demand. As a result, there is an increased demand 
for natural and organic hair care products in these 
regions (Caley, 2018; Grandview Research, 2016).  

In T&T, there has been an emergence of SME’s that 
manufacture natural hair care products. Manufacturing 
enterprises account for a substantial share of SME’s in 
developing countries as opposed to their service-oriented 
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counterparts (Mead and Leidholm, 1998). There is, 
however, a paucity of research on the hair product 
manufacturing industry in Trinidad. 

A consumer’s decision-making style is a key 
component to understanding consumer behaviour and the 
process which goes into deciding or purchasing a 
particular item. According to Sharp and  Sharp (1997), 
consumer behaviour is the way in which persons make 
their decisions on purchasing personal products with the 
use of their available resources such as time, money and 
effort. Consumer behaviour is influenced by many 
factors such as opinions, income, family, culture, values 
and experiences to name a few. Sproles and Kendall 
(1986) state, “a consumer decision making-style, is a 
mental orientation characterising a consumer’s approach 
to making choices”. There are two prominent factors that 
consumers use to analyse a product. They are intrinsic 
factors such as design, taste or performance of a product 
and extrinsic factors such as price, warranties, brand 
name and packaging (Elliot and Camron, 1994; Watson 
and Wright, 2000). As intrinsic factors are hard to 
determine prior to a purchase, consumers make decisions 
based on extrinsic factors when they have little to no 
knowledge on the product (Cattin, Jolibert, and Lohnes, 
1982). 

Attitude is the consumer’s feeling toward a specific 
object or product. Consumer attitudes toward a product 
can be defined as “an enduring organisation of 
motivational, emotional, perceptual and cognitive 
process with respect to some aspect of the individual’s 
world” (Krech and Crutchfield, 1948). An individual’s 
attitude is an outcome of certain learning processes 
which is impacted by friends, family, marketing strategy 
and personal experience (Wang and Heitmeyer, 2005).  

There has been a threshold of research that supports 
the argument that the country-of-origin effect (COE) or 
‘made in’ concept has a major role to play in consumer 
buying choices and their attitude toward products (Eliot 
and Cameron, 1994; Adina, Gabriela, and Stonescu, 
2015). This is said to be a stronger extrinsic factor used 
by consumers as opposed to ‘brand name, price or 
quality’ when it comes to their evaluation of a product 
(Elliot and Camron, 1994; Watson and Wright, 2000).  

Consumer ethnocentrism (CE) is “the belief that a 
product deriving from one’s ethnic or cultural group is 
superior to similar products from other cultural or ethnic 
groups” (IGI Global, 2018). Ethnocentric consumers 
believe purchasing products from foreign countries is 
wrong because it hurts the economy, causes 
unemployment and is unpatriotic to the country of origin 
(Shimp and Sharma, 1987). It represents the belief of 
consumers about the appropriateness and morality of 
purchasing foreign products as opposed to domestic 
products. However, Herche (1992) disagrees with this 
concept, stating that consumer ethnocentrism “is a part 
of human nature and a trait-like property of an 
individual’s personality.” Furthermore, it cannot be said 
that consumers purchasing domestic products are 

displaying solely ethnocentric behaviour as there may be 
other underlying reasons as to why persons may 
purchase domestic over foreign. Studies have shown that 
consumers in developed countries favour products 
manufactured in their country and are ethnocentric as 
opposed to persons in developing countries who are the 
reverse and favour foreign products to domestic (Wang 
and Heitmeyer, 2005; Herche, 1992).  

According to Batra et al. (2000), consumers in 
developing countries often seem to emulate western 
consumption practices and lifestyles, which lead to the 
purchasing of brands they are exposed to through 
movies, advertisements and television as well as their 
travel abroad. Therefore, because the control of ‘popular 
culture’ resides in the western countries, with the United 
States in particular, the media projected to the 
developing world makes “brands that symbolise affluent 
western lifestyles seem highly desirable” (Batra et al., 
2000). 

Consumer decision making styles are connected to 
consumer behaviour, which is linked to the attitude of 
consumers toward specific products. As it pertains to 
Trinidad as a developing country, the Country of Origin 
Effect or the ‘made in’ concept plays a role in consumer 
buying decisions as the literature suggests. Persons from 
developing countries favour foreign based products as 
opposed to their domestic counter parts.  

The CETSCALE was used “to measure consumer’s 
ethnocentric tendencies related to purchasing foreign 
versus American-made products” (Shimp and  Sharma, 
1987). The original instrument consisted of one hundred 
and seventeen questions and after many refinements and 
reliability tests, “seventeen items satisfied the reliability 
criterion” (Shimp and Sharma, 1987). Since its creation, 
there have been many adaptations of the tool with 
changes to the number of items, addition of more items 
and the inclusion of the nationality of the product under 
study. The CETSCALE was found to predict consumer 
beliefs, attitudes, purchase intentions and consumer 
choice (Teo, Mohamad, and  Ramayah, 2011). As stated 
by Shimp and  Sharma, (1987) “The concept of 
consumer ethnocentrism can improve the understanding 
of how consumers and corporate buyers compare 
domestic with foreign products.” As such, the 
CETSCALE is a validated instrument that can be used to 
measure consumer ethnocentrism in Trinidad as it relates 
to the purchase of locally made haircare products. 
 
3. Methodology 
3.1 Study of Consumers of Hair Care Products 
A questionnaire consisting of two sections was 
distributed via SurveyMonkey to consumers of haircare 
products. Women between the ages of 18-45 years old 
were used as the criteria for inclusion in the survey 
sample. Section one consisted of 16 questions and 
Section two consisted of the CETSCALE. The 
Cronbach’s Alpha score of the instrument was 0.76 
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which indicated the scale was at a normal degree of 
reliability. To be considered for this survey consumers 
needed to be females between the ages of 18-45 years 
old and purchased haircare products. The population was 
estimated to be 276,461 persons. According to Saunders, 
Lewis, and Thornhill, (2007) for a population of over 
100,000, a sample of 383 is appropriate. However, due to 
limitations of the research a sample size of 282 was used 
in the study. It should be noted that this sample size 
intends to be indicative of the attitudes of consumers 
towards locally made hair care products. 
 
3.2 Study of Manufacturers of Hair Care Products 
At the time of this research, there was no database 
available of operating haircare product manufacturers. 
Therefore, companies that were responsible for events 
which showcase local items in Trinidad were contacted 
to acquire a list of vendors. However, only one company 
was able to provide a list of ten (10) names. As a result, 
companies were contacted through snowball sampling. 
At the end of this process, a database of thirty-four (34) 
businesses was accumulated. To be considered for the 
study companies needed to be still in operation and 
registered with the Ministry of Legal Affairs. After the 
first round of screening, twenty-five (25) companies 
were left from the original thirty-four (34). A mix of 
telephone enquiries and email conversations were used 
to acquire company interest in participating in the study. 
At the end of this phase, a total of 15 companies agreed 
to participate resulting in a response rate of 60%. A 
PESTLE (Political, Economic, Social, Technological, 
Legal and Environmental) analysis was used to structure 
interview questions and to gauge participants’ views 
across a range of factors that affect their businesses. 
 
4. Results 
4.1 Consumer Results 
The questionnaires gathered data on the following areas 
of consumer behaviour toward hair care products made 
in T&T: 1) purchasing of hair care products made in 
T&T, 2) consumer awareness of hair care products made 
in T&T, 3) the factors that influence consumer decisions 
when purchasing locally made hair care products, and 4) 
the level of ethnocentric tendencies by consumers in 
T&T. 
 
4.1.1 Consumer awareness of local haircare products 
Out of the two hundred and eighty-two responses, it was 
found that sixty-four percent (64%) of the surveyed 
population are aware of hair care products made in 
Trinidad, while thirty-six percent (36%) has no 
knowledge of these products. It was noted that even 
though sixty four percent (64%) of the participants are 
aware of hair care products made in Trinidad, only forty-
four percent (44%) purchase these products from both 
online and in store. Furthermore, it was noted that many 
persons who purchase these hair care products are made 

aware via social media ads and local hair events which 
are held every quarter. The other fifty-six percent (56%) 
do not patronise these products. It should be noted that 
the three main reasons for persons not purchasing locally 
made hair care products: 
• Foreign products are better: The notion that 

internationally branded products are seen as superior 
to locally made products. This coincides with 
studies done by Wang and Heitmeyer (2005) and 
Herche (1992) which state persons in developing 
countries favour foreign products to domestic 
products. 

• Advertising: Persons have said that hair care 
products made in Trinidad are not properly 
advertised to the public. Many did not know these 
products existed. 

• High Prices: The price point of imported 
products is lower than that of locally made products.  

 
4.1.2 Factors influencing consumer purchase of local 

haircare products 
Out of the many factors which influence consumers 
purchasing habits, it was found that the top three (3) that 
play a role in the decision-making process for consumers 
when buying locally made hair care products are Quality, 
Ingredients and Price which got eighty two percent 
(82%), sixty-six percent (66%) and forty-one percent 
(41%) ratings respectively. 

The quality of a product was defined by participants 
as the way in which the product works in one’s hair and 
if the claims made on the product are true. Ingredients, 
which came second in the ranking, is linked to the 
upsurge of persons becoming more conscious of the 
things they put into their bodies as well as what is used 
externally. There has been a need by consumers for 
products that are safe and organic. Similarly, the research 
shows the majority (95%) of local manufacturers use 
organic ingredients in their products. Thus, this would 
equate to the high rating given to the factor by 
consumers. Although pricing came third, it still has a 
high percentage attached to it. T&T is going through an 
economic downturn which results in frugality and careful 
spending. Participants have stated that although local 
products are a bit pricier than the imported products, they 
do not mind spending on them as they are getting value 
for their money. 
 
4.1.3 Consumer ethnocentrism in Trinidad 
An adapted version of the CETSCALE (Consumer 
Ethnocentric Tendencies Scale) created by Shimp and 
Sharma (1987) was used to enquire whether Trinidad is 
an ethnocentric or non-ethnocentric society. This 
instrument originally consisted of seventeen questions, 
however, the adapted version consisted of ten questions 
which were modified to suit the Trinidad consumer 
landscape. The Cetscale measures consumer ethnocentric 
tendencies through a 7 point Likert scale, the higher the 
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score means consumers patronise products made in their 
country over foreign products and the lower the score; 
means consumers are non-ethnocentric and favour 
foreign based products as opposed to domestic.  

Figure 1 shows the respondents’ ethnocentrism 
toward buying local hair care products based on 
all CETSCALE statements. The level of ethnocentrism 
in Trinidad is very low as the average score across 
participants was 3.1 (a larger score indicates greater 
levels of ethnocentrism). Therefore, it can be stated that 
Trinidadian consumers are generally non-ethnocentric as 
pertaining to the purchasing of local hair care products. 
Though respondent’s ethnocentrism level is very low, it 
can be inferred from the results that once the proper 
marketing and advertising efforts are employed by local 
hair care manufacturers the population may be willing to 
support their products. 
 
 

 
 
 

 

 

 

 
 
 
Figure. 1 Consumer ethnocentrism towards buying local haircare 

products measures via the CETSCALE. 
  
 
4.2 Results on Manufacturers  
The interviews with manufacturers of haircare products 
took place both over the phone and in person. It took the 
form of a PESTLE analysis to enquire about the 
challenges faced by each business as it pertains to the 
factors. The following are the responses received from 
participants. 

1) Demographic Data - It was seen from the responses 
gathered, that 87% (13/15) of the owners are female. The 
businesses employ between 1-6 persons, and make 
approximately $60,000TTD in net profit per year. 

2) Political - Participants expressed concern on the lack 
of legislature that exists for persons who are in the hair 
care manufacturing industry. Although there is a small 
section in the local Food and Drug act that speaks to 
‘Cosmetics’, it only deals with labelling of cosmetic 
products, which does not include specifics for hair care 
products. They further explained that the change in 
government does not have any effect on their businesses. 
However, some legislature that has been put in place 

relating to a 7% tax increase on online purchases has 
been a bit challenging. 

3) Economical - The current state of the economy has 
affected all of the businesses as 80% of them have 
noticed a drastic slowdown in sales. It was also stated 
that the 7% increase in online tax has affected them as 
73% of participants either outsource raw materials or 
packaging or in some instances both (see Figure 2). With 
no tax break for small businesses, they are left to pay 
high prices in customs and tax duties which will in turn 
affect the prices of their products. Similarly, 73% of 
businesses expressed lack of funding by financial 
institutions as another challenge they face. Majority of 
these companies are micro enterprises and find it 
difficult acquiring financial support from institutions 
such as banks. It was acknowledged that although there 
are entities that have a number of grants available to 
SME’s, the run around given to persons trying to acquire 
the information is very discouraging. 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Import of Packaging vs Raw Materials 
 
 
4) Social - All companies were able to accurately define 
their target market as women between the ages of 18-45 
years of age (this was used as the criteria for 
the consumer-based survey). The reasoning behind their 
target market was the need by women among this age 
group for products that can be compatible with their hair 
types and scalp conditions. 67% of participants stated 
that the major challenge faced is the inability to increase 
market share. It was stated by most companies 
that thousands of dollars are invested in advertising and 
marketing campaigns. However, the return on investment 
is very low. 

5) Technology - The necessary equipment needed by all 
manufacturers for the adequate running of their business 
is readily available in Trinidad. However, it was 
explained that a major barrier to expansion is that 
equipment needed would have to be outsourced at a high 
cost.  

6) Legal and Environmental - It was found that 53% of 
the surveyed population was familiar with the Food and 
Drug Act of Trinidad and Tobago and they followed the 
labelling guidelines for cosmetics as outlined by the 
Government. However, 80% of manufacturers said they 
followed the U.S. Food and Drug Act (FDA) as it 
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pertains to the manufacturing and labelling of cosmetic 
products as well as the ISO standards for quality. 
 
5. Discussion and Recommendations 
The findings highlighted areas that can be improved for 
both manufacturers and consumers. The following 
recommendations are put forward. 
 
5.1 Local Hair Care Product Awareness 
It was seen that although 64% of the sample surveyed 
were aware of hair care products made in Trinidad, 
only 44% purchased these items due to the lack of 
exposure, the price ranges, as well as the 
belief that international products are better than 
domestic. It is recommended that hair care product 
manufacturers collaborate and have an annual ‘Product 
Fair.’ This would entail product demonstrations 
showcasing the use of products on persons’ hair, a 
showcase of new products and an education segment 
which will educate the public on the ingredients used in 
products and the benefits to one’s  hair. 

 Product samples should also be made available to 
potential customers at the event, as it would give them a 
chance to assess the quality of the product and make the 
decision whether they would be interested in purchasing 
or not. This will also give manufacturers the opportunity 
to explain to persons the difference in price point if 
needed. Another related strategy can entail 
manufacturers partnering with local beauty YouTube 
bloggers and Social Media influencers to showcase and 
review products on their platform. 
 
5.2 Product Quality 
It was seen in the findings that quality was the number 
one factor that played a major role in the decision to 
purchase locally made hair care products. Quality is a 
subjective matter as consumers measure quality in 
different ways. One way of assessing quality by a 
consumer may be to use the product on one’s hair, and 
once it does not work it would be labelled as a ‘bad 
quality product’.  As consumers may not know the 
different characteristics that deem a product ‘a good 
quality product’, manufacturers can follow the ISO for 
quality standards when preparing their products.  

In T&T the Chemistry, Food and Drug 
Division (CFDD) tests cosmetic products to ensure the 
purity, safety and quality of them for use by consumers. 
On their website there is a list of locations a person can 
go to start enquiring about the services offered and there 
are also specific guidelines on how to go about getting 
products tested. Once the report analysis is satisfactory, 
the division will inform of the next steps. However, if it 
is unsatisfactory, advice will be provided as needed. The 
CFDD needs to increase their visibility within the 
industry to educate business owners/manufacturers on 
the services that can be offered to them in terms of 

verifying the quality of their products for use by 
consumers. 
 
5.3 Revised Cosmetics Legislature 
All participants stated there is a lack of legislature that 
deals with the manufacturing of hair care products. The 
government should look into revising and extending the 
‘Cosmetics’ section of the Food and Drug act to include 
the manufacturing of hair care products as it pertains to 
sale of hair care products, ingredients lists, product 
testing and packaging. Labelling is currently the only 
aspect covered under the current act. 
 
5.4 Funding 
It was noticed that sourcing of funds by haircare 
manufacturing businesses is another challenge faced, as 
they are seen as liabilities to some institutions because of 
the size of their operations. This is a universal problem 
when speaking about small and medium enterprises. 
However, T&T has many measures in place to help curb 
this problem. Companies can go onto Frederick’s 
Financial and Technical Services (FFTS) website where 
there is an exhaustive list of institutions which have 
grants available for persons to access when either 
starting a business or wanting to finance an existing 
business. The Ministry of Labour and Small Enterprise 
Development (MOLSED) also has an entrepreneurship 
section, where they offer information on programmes 
geared towards the development of SME’s and financing 
of their businesses. 
 
5.5 Supplier Database 
A supplier’s database of equipment, raw materials and 
packaging can be established as a solution to cut down 
the high percentage of imported products by local hair 
care manufacturers. In T&T, there are suppliers that deal 
with wholesale of many of the raw materials used by 
these companies, which include, Shea butter, mango 
butter, olive oil, jojoba oil and phenonip (preservative) 
just to name a few. This database can be uploaded to 
either the Trinidad and Tobago Manufacturers 
Association (TTMA) website or the National 
Entrepreneurship Development Company Limited 
(NEDCO) website and will be of free access to all 
manufacturers as well as persons wanting to start a hair 
care business.  
 
5.6 Formation of an Association 
Although, some of these companies belong to different 
local associations for example ‘Things TT’ and 
‘Upmarket TT’, due to the findings, it is recommended 
that an association should be created specifically for hair 
care manufacturers of T&T. This will also tie in with 
the above-mentioned recommendations as this governing 
body will be responsible for the planning of events to 
showcase products, lobbying for legislature reform, as 
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well as educating manufacturers on the opportunities and 
programmes that are available to them. 
 
6. Conclusion 
In order for the hair care industry in T&T to grow in the 
next few years, research and development by 
manufacturers need to be conducted to capitalise on this 
emerging market. The implications of this is far reaching 
as the evidence suggests that if there was increased 
visibility of locally manufactured hair care products, 
there would be a greater consumption of these goods. It 
behoves the government to incentivise marketing 
opportunities for locally made hair care products to boost 
revenue within the industry and create related industries 
which can benefit. Consumers are still unaware of these 
products and are hesitant to purchase due to lack of 
knowledge.   

Opportunities exist for the development of industries 
which work together with hair care product 
manufacturers for example, a coconut oil making 
company. Avenues for employment and entrepreneurial 
ventures also exist, as there is a need by 
manufacturers for ‘all-natural’ raw materials and better 
packaging for these products, which has not been 
satisfied. Manufacturers should partner with 
the MOLSED’s ‘Fair share’ programme which helps 
SME’s develop the fundamentals of their business as 
well as educates on public procurement opportunities. 

Also, by focusing on the key factors that play a 
significant role in the consumer’s decision 
of buying locally made hair care products, manufacturers 
will have the tools to improve their product to a standard 
where consumers will be willing to purchase. 
Though this will not be a very easy task as the consumer 
base in T&T is non-ethnocentric, the more 
consumers are made aware and are educated on local 
haircare products, the greater the shift in purchasing 
behaviour can be expected. 
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Abstract: In this paper, we present a design for a CubeSat communication subsystem for a store-and-forward remote 
monitoring application that will transfer data which originates from an underwater Acoustic Doppler Current Profiler 
(ADCP) at a remote coastal location to a central hub for processing. For this design we determined the bandwidth 
requirements of the ADCP; performed the LEO constellation design for different orbital altitudes; determined, with the 
aid of AGI’s STK simulation tool, the worst-case bit-rate that can be accommodated during the visible period; 
explored different frequency bands for transmission with the UHF/VHF and the S-band being selected as like 
candidates; designed the antenna; selected transceivers for the ground station and CubeSat; and performed link 
budgets for the different altitudes. Additionally, the paper discusses CubeSat design considerations and other 
terrestrial and non-terrestrial transmission alternatives to CubeSat. 

Keywords:  CubeSat; nano-satellites; Acoustic Doppler Current Profiler; ADCP; communication design 
 
1.  Introduction 
Ocean hydrodynamic data collection is an essential 
exercise in the long-term planning and development of 
adaptation strategies for any coastal environment. In 
Small Island Developing States (SIDS), such as a 
number of islands in the Caribbean region, the 
comprehensive data collection to effect these activities is 
limited by a number of factors. While these factors are 
varied depending on the country, they include access to 
technologies and innovations that can facilitate an 
effective and remote communication of continuous 
oceanographic parameters such as wave and current 
attributes.  

Regionally, data collection of these parameters may 
involve the deployment of a wave gauge (for example an 
Acoustic Doppler Current Profiler (ADCP)) at given 
locations where the data is retrieved directly from the 
device. The period of deployment is contingent upon the 
battery life and the rate of data collection. Other methods 
for data collection exist for in situ measurements, such as 
wave buoys or wave staffs (waves only) or remote 
sensing techniques may be implemented. The method 
where data are retrieved directly from the device is 
suitable for short-term deployments, but proves 
inefficient in long-term data collection. Remote sensing 
techniques which may be land-based (video imagery), 

airborne or satellite-borne are more apt in terms of 
efficient data retrieval. Notwithstanding, in-situ 
measurements are required for most ocean engineering 
applications (Chen-Tung and Nihoul, 2009).  

Remotely retrieving data from an in situ device can 
facilitate a near real-time data access, which provides 
more ready evaluation of observed parameters at a 
localized area: ready evaluation of hydrodynamic data is 
especially essential for coastal environments of smaller 
islands. In addition, wave measurements in shallow or 
intermediate water, which have localized characteristics, 
are required for long-term planning. Some challenges for 
setting up a system where data is retrieved remotely from 
an in-situ device deployed in the long-term include:  
• The determination of whether a shallow water 

deployment is suitable for long term wave assessment 
at the given location, 

• The determination of the suitability of a bottom-
mount or a surface floating wave device at that 
location, 

• The security or the safety of the deployed device, 
especially in shallower waters, 

• The access to a continuous power supply; batteries 
will need to be changed and inherently involve some 
period of down-time of the device unless there is 
some instrumentation redundancy, 
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• The reduction of marine bio-fouling to bottom-
mounted instruments, 

• The assessment of any conflict of the deployed 
system with other users, such as interference with 
shipping or navigational routes, 

• The assessment of any impact from hurricanes/storms 
which may affect the deployed device, such as 
covering with sediment or displacement of the 
instrument, and 

• The determination of the most cost-effective and 
efficient method of data-retrieval. 
This paper seeks to specifically address the issue of 

efficient remote data-retrieval for a regional data 
collection system targeting the acquisition of the 
hydrodynamic parameters of waves and currents. The 
proposed system focuses on the application of CubeSat 
technology which is considered to be a novel and 
feasible solution. 

While we propose to discuss the CubeSat design 
process and its many considerations, it is instructive to 
indicate the alternative technologies that can be used for 
the ADCP remote-data-removal application. Terrestrial 
options include: Amateur Radio (Wilson, 2007), General 
Packet Radio Service (GPRS) (Kong et al., 2005; Zhao et 
al., 2012a,b), Long Term Evolution (LTE) (He et al., 
2016; Julio, 2016; Ratasuk et al., 2013); Satellite options: 
Iridium (Fossa et al., 1998), Inmarsat (Pedersen et al., 
2015; Jun-lin and Chun-sheng, 2011); Non-satellite, non-
terrestrial: BalloonSats (Shiroma et al., 2012), Airborne 
Remote Communication (ARC) Platform (Weinert et al., 
2012). 

One value proposition for CubeSat technology is its 
relatively low cost compared to commercial satellite 
systems (Schaffner, 2002) which makes satellite 
technology more accessible to academic institutions 
wishing to conduct satellite system design and perform 
satellite missions (Schaffner, 2002; Preindl et al., 2009b; 
Shiroma et al., 2012; Khurshid et al., 2013; Blas, 2009). 
Additionally, it opens opportunities for developing 
countries with limited resources to pursue advanced 
satellite programs of their own. One major cost 
component of any satellite programme is that of the 
launch. To significantly reduce this cost, Cal Poly 
developed a common deployer for picosatellites called 
the P-POD (Poly Picosatellite Orbital Deployer), which, 
as a consequence, enforces standard dimensions of the 
form-factor and functionality for the picosatellites. 
Restricting their mass, volume and surface area makes 
the design of CubeSats very challenging (Schaffner, 
2002). 

CubeSats are deployed in (low-earth-orbit) LEO 
orbits, so that unlike their (Geostationary Satellites) GEO 
counterparts which maintain static coverage bas they 
rotate at the same rate as the earth, their coverage is not 
constant over a geographic region. Therefore, there is a 
limited viewing time or contact time between the satellite 
and the ground station (Kiremitci, 2013; Preindl et al., 

2009b). This exacerbates the low data rate problem. 
However, the lower orbit, the smaller  the free-space loss 
to overcome, and therefore the less the power that would 
be required for signal transmission. 

In Section 2, we present the CubeSat design for the 
ADCP system. There, we perform the ADCP bandwidth 
calculations, the LEO constellation design, frequency 
selection, antenna design, transceiver selection and link 
budgets. We conclude in Section 3. 

 
2. Design 
The satellite system architecture consists of a number of 
subsystems or modules, i.e., antennas; battery and power 
system; thermal control; propulsion system; onboard data 
handling (OBDH); payload module; attitude 
determination and control system (ADCS); 
uplink/downlink communication module (Gao et al., 
2009); and structure subsystem (Waydo et al., 2002). The 
focus of this paper would be the design of the 
communication module. 
 
2.1. ADCP Bandwidth Calculations 
The ADCP e used in this assessment was  a WorkHorse 
Sentinel (WHSZ1200 WH Sentinel 1200 kHz SC 
ADCP) which is specifically designed for short- to 
medium-term (weeks to months) autonomous 
deployment from either a temporary or permanent 
mounting (Teledyne RD Instruments, 2013). This device 
has the standard housing which allows deployment to 
water depths of a maximum of 200m. The ADCP may be 
configured to collect both current speed and direction at 
various elevations within the water column, as well as, 
wave height measurements. The sampling rate may be 
specified, but the recommended rate is typically 
employed which is 10 minutes between averaged 
ensembles for the current data collection, and for the 
wave data a 20 minute burst duration with 60 minutes 
between the start of bursts using 2,400 samples per burst. 
The standard battery pack is used and at the 
recommended sampling rate allows for approximately a 
six-week deployment. Battery life may be extended for 
longer term deployments through use of an external 
battery case which holds two additional battery packs.  

As an alternative, a lithium battery pack may be 
used instead of the standard alkaline battery pack and 
this should provide about three times the capacity of the 
standard alkaline battery pack (Teledyne RD 
Instruments, personal communication). Consideration 
may be given to use of an external power supply for 
longer-term deployments, such as a solar power supply. 
However, if this option is pursued, care must be taken to 
ensure that the ADCPs specific power requirements are 
satisfied. The 256MB memory card is adequate for these 
6-week deployments, but a larger capacity memory card 
may be used if required. Data storage and retrieval are 
critical aspects of the monitoring application.  
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One common method to facilitate data transmission 
remotely is through use of an acoustic modem (Teledyne 
RD Instruments, 2019). This arrangement would require 
that two modems be installed: one near the ADCP 
(underwater for bottom deployments) and one at the 
surface (on a buoy or at some structure onshore). The 
surface modem receives the data which is transmitted 
acoustically from the ADCP via the underwater modem 
unit (Teledyne RD Instruments, 2019). This surface 
modem can then be connected directly to a computer or 
be routed through some wireless network such as radio, 
cellular (3G or 4G) or satellite. 

The overall system diagram is shown in Figure 1 
and, the data requirements calculated for the ADCP can 
be found in Table 1. The assumptions include that a 
comma-separated-values (CSV) file with comma 
separators will be used to store the information with 
possible carriage return (CR)/line feed (LF) between 
burst records. Fixed field widths are also assumed. 

From Table 1, the CSV file size increases by 84+38 
(39) = 122 (123) bytes= 976 (984) bits per burst. 
Currently, there is one burst per hour, but it can be 
configured for up to three to four bursts per hour. 

Additionally data currency, data integrity and data 
repudiability should be considered. In terms of data 
currency, ideally the data should arrive at the endpoint 
within 3 to 60 minutes of sampling. In terms of data 
integrity, ideally the data should arrive without error. The 
simplest approach to enhance data integrity would be to 
repeat the transmission of the data three (3) times. In 
terms of data repudiability, the source of the data should 
be verified, therefore there should be the use of 
encryption. The overhead due to the encryption should 
increase the file size to roughly 1.05 times its original 
size with a minimum of 128 bytes (Stapko, 2010). 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. ADCP-CubeSat Communications Diagram 

 

Table 1. ADCP data requirements for a single burst 
 Field Size in 

Characters Size Delimiter Size 

Burst # 5 5 Comma 1 
Time/Date 14 14 Comma 7 
Hs (metres) 3 3 DP, Comma 2 
Tp (seconds) 3 3 DP, Comma 2 
Dp (degrees) 4 4 DP, Comma 2 
Depth (mm) 5.3 8 DP, Comma 2 
H1/10 (meters) 3 3 DP, Comma 2 
TMean(seconds) 3 3 DP, Comma 2 
DMean(degrees) 4 4 DP, Comma 2 
#bins 2 2 Comma 1 
Subtotal Header  49  23 
*#bins 
Depth level Current 
Magnitude (m/s) 

4 4 DP, Comma 2 

*#bins 
Depth Level Current 
Direction (degrees) 

3 3 
Comma 
(and/or 

record end) 
1 (2) 

Subtotal Data (5 bins)  35  15 (16) 
Total  84  38 (39) 

 
2.2. LEO Constellation Design 
The design goals of the mission is directly influenced by 
the choice of orbit altitude (Long, 2014; Ravanbakhsh 
and Franchini, 2013), since altitude determines the free-
space path loss, which in turn impacts the choice of other 
parameters such as antenna gains, transmit power and 
figure of merit. The choice of altitude also determines 
the visibility times and the number of passes during a 
full-revolution of the earth. Other considerations in the 
choice of orbit altitude include the drag of the earth’s 
atmosphere (at too low an altitude) and the existence of 
Van Allen belts (at higher altitude). Besides altitude, in 
the orbital design one may try to determine the number 
of planes required for the extent of coverage over the 
specified geographical area, the number of satellites per 
plane, the inclination of the plane, the inter-plane spacing 
(Kiremitci, 2013). This is typically determined with the 
aid of satellite simulation software. Increasing the 
number of satellites and planes increases coverage but 
significantly increases the launch cost. 

For circular (i.e., equatorial, polar, or inclined) orbit 
at different altitudes, orbital parameters such as satellite 
velocity at altitude; orbital period; percentage coverage 
of the earth’s surface covered by satellite; slant range at 
minimum elevation; propagation time of the signal from 
the earth station to the satellite; number of full 
revolutions of the satellite around the earth during revisit 
time; duration the satellite is visible in same direction 
(prograde); and duration the satellite is visible in 
opposite direction (retrograde) were determined using 
equations from Gagliardi (1984). These values are shown 
in Table 2.  

Using the simulation tool by AGI called Systems 
Tool Kit (STK) 11 (AGI, 2019), multiple orbits were 
examined at different altitudes and RAAN for coverage 
and capacity optimization. The orbital inclination chosen 
was 25° since the target region is primarily the Caribbean. 

In Table 3, we show the worst-case bitrate that can be 
accommodated during the visible period for four 
different constellations, namely single-orbit (0○), two-
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orbit (0○, 90○), three-orbit (0○, 60○, 120○), and six-orbit 
(0○, 30○, 60○, 90○, 120○, 150○). These were calculated as: 

worst-case bit-rate  =                (1) 

where 
B  =   No. of bits per burst = 984 
N  =   No. of bursts per hour = 4 
 
R  =    No. of repetitions for data integrity = 3 

X  =    Factor for data repudability = 1.05 
Lmax =  Maximum lapse time in seconds 
Vmin =  Minimum visibility duration in seconds 
Dt   =  Discount for time synchronization = 10% 

 
2.3. Antenna Design 
For a CubeSat system, antennas would be required for 
telemetry, tracking and command (uplink and downlink), 

 

Table 2. Single orbit parameters at different altitudes 
Altitude (km) h 300 400 500 600 700 800 900 
Satellite velocity (km/s) vs 7.726 7.668 7.613 7.558 7.504 7.452 7.401 
Orbital period (s) ts 5431 5553 5676 5801 5926 6052 6179 
Coverage area (kmˆ2) A 3770042 5655500 7642231 9687084 11762844 13851370 15940111 
Percentage coverage Ap 0.738 1.106 1.495 1.895 2.301 2.710 3.118 
Slant range (km) d 1160.383 1439.827 1695.081 1932.245 2155.265 2366.867 2569.022 
Propagation time (s) tp 0.00387 0.00480 0.00565 0.00645 0.00719 0.00790 0.00857 
Visibility time (prograde) (s) tvp 298 374 444 511 576 639 700 
Visibility time (retrograde) (s) tvr 296 372 442 509 573 636 697 
Revolutions K1 15.9 15.6 15.2 14.9 14.6 14.3 14.0 
Altitude (km) h 1000 1100 1200 1300 1400 1500  
Satellite velocity (km/s) vs 7.350 7.301 7.253 7.205 7.159 7.113  
Orbital period (s) ts 6307 6436 6565 6696 6827 6959  
Coverage area (kmˆ2) A 18020153 20085056 22130121 24151907 26147897 28116275  
Percentage coverage Ap 3.525 3.929 4.329 4.725 5.115 5.500  
Slant range (km) d 2763.211 2950.577 3132.026 3308.287 3479.957 3647.534  
Propagation time (s) tp 0.00922 0.00984 0.0104 0.0110 0.0116 0.0122  
Visibility time (prograde) (s) tvp 760 819 878 936 993 1051  
Visibility time (retrograde) (s) tvr 757 816 874 932 990 1047  
Revolutions K1 13.7 13.4 13.2 12.9 12.7 12.4  

 
Table 3. Worst-case bit-rates for different constellations 

Altitude (km) Single Orbit Two Orbit 
Minimum View 

Time (s) 
Maximum 
Lapse (s) 

Worst-Case Bit-Rate 
(bps) 

Minimum View 
Time (s) 

Maximum 
Lapse (s) 

Worst-Case Bit-Rate 
(bps) 

300 134 34720 1115.59 134 18597 597.54 
400 240 41071 736.81 163 18885 498.84 
500 470 36045 330.20 470 13355 122.34 
600 247 30837 537.53 247 13562 236.40 
700 201 31376 672.10 201 7738 165.75 
800 201 31376 672.10 201 7738 165.75 
900 501 26216 225.30 79 7819 426.14 
1000 400 26681 287.19 250 6222 107.16 
1100 238 20562 371.98 238 6135 110.99 
1200 509 20849 176.36 230 5920 110.82 
1300 322 21178 283.18 205 6093 127.97 
1400 478 14394 129.65 392 6130 67.33 
1500 229 7240 136.12 227 4761 90.30 
Altitude (km) Three Orbit Six Orbit 

Minimum View 
Time (s) 

Maximum 
Lapse (s) 

Worst-Case Bit-Rate 
(bps) 

Minimum View 
Time (s) 

Maximum 
Lapse (s) 

Worst-Case Bit-Rate 
(bps) 

300 134 13202 424.19 134 7858 252.49 
400 144 7745 231.57 144 5178 154.82 
500 145 7751 230.15 145 4948 146.92 
600 247 7831 136.51 169 5006 127.54 
700 179 5658 136.09 179 4744 114.11 
800 179 5658 136.09 179 4744 114.11 
900 344 5714 71.52 79 4712 256.81 
1000 256 5715 96.12 250 4723 81.34 
1100 194 5029 111.61 194 4446 98.67 
1200 55 4862 380.61 55 4334 339.28 
1300 297 4976 72.14 205 4408 92.58 
1400 67 4978 319.90 67 4054 260.52 
1500 226 4121 78.51 226 3562 67.86 
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and the transmission of payload data. Antenna design 
challenges are also outlined in Gao et al. (2009). These 
included the constraints of size and low mass; low cost; 
thermal and radiation resilience; material selection to 
combat atomic oxygen; and effects of vacuum and 
micro-gravity. Additionally, one must consider mutual 
coupling among multiple antennas, interference and 
electromagnetic scattering due to the satellite structure. 
In Rodrıguez-Osorio and Ramırez (2012)outlined 
antenna specifications imposed by the platform (e.g., 
size, modularity, deployment, attitude constraints, 
compactness), those imposed by communications (e.g., 
frequency, bandwidth, gain) and those imposed by the 
mission (e.g., exploration margin, space environment, 
cost). Additionally, CubeSats may be outfitted with 
GPS/GNSS and inter-satellite cross links (with the 
requisite antennas) (Gao et al., 2009).  

Different types of antennas have been designed, 
deployed and/or assessed for CubeSat systems. These 
include dipole (Muri et al., 2010; Waydo et al., 2002), 
monopole (Leao et al., 2013; Blas, 2009.; Murtaza, 
2011), helix (Gao et al., 2009; Costantine et al., 2016; 
Leao et al., 2013; Muri et al., 2010; Murtaza, 2011), 
patch (Gao et al., 2009; Costantine et al., 2016; Muri et 
al., 2010; Rodr´ıguez-Osorio and Ram´ırez, 2012; 
Waydo et al., 2002; Akagi et al., 2008), log-periodic 
crossed dipole antenna array (Costantine et al., 2016), 
conical log-spiral antenna (Costantine et al., 2016), 
three-dimensional antenna (Pittella et al., 2013), turnstile 
(Addaim et al., 2007), planar antenna array as a phased 
array (Rodrıguez-Osorio and Ramırez, 2012). The dish 
reflector, Yagi-Uda and Log-periodic antenna were also 
discussed by Muri et al. (2010) but were found to be 
unsuitable options in terms of size and complexity for the 
satellite itself. However, they can be considered for the 
ground station equipment as in Preindl et al. (2009b). 

Some CubeSat mission failures have been attributed 
to communication problems and more specifically faulty 
antenna design (Pittella et al., 2013). However, there are 
tradeoffs to consider when making antenna design 
choices. For example, Muri et al. (2010) highlighted the 
issue of antenna gain versus transmit power, and the 
power savings that can accrue from a directional antenna. 
However, directional antennas would need more complex 
attitude control. Another design consideration proceeding 
from the mission objectives would be the data-rates to be 
supported. High data rates would be supported by high 
antenna gain. This in turn will require sophisticated 
pointing and tracking systems (Gao et al., 2009).  

The following is the design for candidate antennas for 
the CubeSat, namely monopole, dipole, patch and helical. 
The parabolic antenna design for the ground station is 
also presented. The design equations for the dipole, 
helical, patch and parabolic antennas were obtained from 
Balanis (2005). 
 
 

2.3.1. Dipole and Monopole Antennas 
Table 4 shows the design parameters for the small 
dipole, half-wavelength dipole and the quarter-
wavelength monopole antennas. 
 

Table 4. Dipole antenna design parameters 
 Infinitesimal 

Dipole 

 

Small Dipole 

 

Half-
Wavelength 

Dipole 

 

Quarter-
Wavelength 
Monopole 

 
Directivity, 
D0 

dB dB 1.643 = 
2.156 dB 

3.286 = 
5.167 dB 

Input 
Resistance, 
Rin 

 Ω  Ω 73Ω 36.5Ω 

 
2.3.2. Helical Antenna with Ground Plane 
Consider a helix of N turns and having a diameter D with 
spacing between turns of S. The circumference of the 
helix is C = πD and the pitch angle, α is given as: 

  (2) 

  (3) 

The total length of the antenna is L = NS and the total 
length of the wire: 

   (4) 
When the helical antenna is operated in axial (end-

fire) mode, there is a major lobe of maximum gain along 
the axis of the helix. For circular polarization the 
following conditions should hold: 
•  with C ≈ λ0 for near optimum 

performance where λ0 is the free-space wavelength 
of transmission; 

• ; 

• 12° < α < 14°; 
• Diameter of ground plane should  

• N  > 3 
The half-power beamwidth (HPBW) (degrees) 

. The directivity, . The input impedance 

(purely resistive), , therefore a special feed 

design is required to reduce the input impedance to 
match a 50Ω transmission line such as a coaxial cable. 
 
2.3.3. Rectangular Patch (Microstrip) Antenna 
Balanis (2005) outlined the following steps in the design 
of the patch antenna: 
(1) Specify the dielectric constant, , of the substrate 
which separates the strip or patch from the ground plane. 
Specify the resonant frequency, fr and the height above 
the ground plane h where 0.003λ0 ≤ h ≤ 0.05λ0 and λ0 is 
the free-space wavelength of transmission.  
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Note:  where v0 is the free-space velocity of light. 

Also, the dielectric constant is usually in the range 2.2 ≤ 
 ≤ 12, preferably at the lower end of the range 

(together with a large h) for better efficiency and larger 
bandwidth. 

 
(2) Determine the width W and length L 

 (5) 

 
(3) Determine the effective dielectric constant of the 
microstrip antenna (  

 (6) 

(4) Determine the extension of the length ∆L 

                        
(5) The actual length of the patch: 

 (8) 

Asymptotically, the directivity (k0h << 1): 

                     (9) 
 

                  (10) 
 
2.3.4. Parabolic Antenna 
For the gateway (or earth station), the parabolic antenna 
is a likely prospect. Its directivity, D0, in terms of its 
dimensions is as follows: 

             (11) 

Dimensions for the patch antenna for different 
operating frequencies and dielectric constants were 
calculated and are shown in Table 5. Similarly, for the 
helical antenna, dimensions and directivity values are 
calculated for different frequencies and these are shown 
in Table 6. 
 
2.4. Communications Sub-system 
The communication sub-system is very critical to the 
CubeSat in realizing its mission which is the transfer of 
data (observed or other type) to earth. The 
implementation of the communication sub-system was 
found to be a major challenge for CubeSats (Popescu et 
al., 2016). 

The communication sub-system consists mainly of a 
radio transceiver, antenna and possibly a diplexer (Leao 
et al., 2013)  if a  single  antenna  would  be transmitting/  
 

 
Table 5. Patch antenna design for different frequencies and dielectric constants 

f (MHz) 
er  = 2 er = 4 er = 5 er = 12 er = 20 

W (cm) L (cm) W (cm) L (cm) W (cm) L (cm) W (cm) L (cm) W (cm) L (cm) 
145 84.41 72.81 65.38 51.62 59.68 46.20 40.55 29.88 31.90 23.2 
440 27.82 23.99 21.55 17.01 19.67 15.22 13.36 9.85 10.51 7.6 
2200 5.56 4.80 4.31 3.40 3.93 3.04 2.67 1.97 2.10 1.5 
2400 5.10 4.40 3.95 3.12 3.61 2.79 2.45 1.81 1.93 1.4 
8175 1.50 1.29 1.16 0.92 1.06 0.82 0.72 0.53 0.57 0.4 
8400 1.46 1.26 1.13 0.89 1.03 0.80 0.70 0.52 0.55 0.4 

 

Table 6. Helical antenna design for different frequencies and number of turns,  

f (MHz)  N = 3   N = 5   N = 8  

Do (dB) L (cm) Ln (cm) D (cm) Do (dB) L (cm) Ln (cm) D (cm) Do (dB) L (cm) Ln (cm) D (cm) 
145 10.51 155.07 639.35 65.81 12.73 258.44 1065.58 65.81 14.77 413.51 1704.93 65.81 
440 10.51 51.10 210.69 21.69 12.73 85.17 351.16 21.69 14.77 136.27 561.85 21.69 
2200 10.51 10.22 42.14 4.34 12.73 17.03 70.23 4.34 14.77 27.25 112.37 4.34 
2400 10.51 9.37 38.63 3.98 12.73 15.61 64.38 3.98 14.77 24.98 103.01 3.98 
8175 10.51 2.75 11.34 1.17 12.73 4.58 18.90 1.17 14.77 7.33 30.24 1.17 
8400 10.51 2.68 11.04 1.14 12.73 4.46 18.39 1.14 14.77 7.14 29.43 1.14 
f (MHz)  N = 10   N = 12   N = 15  

Do (dB) L (cm) Ln (cm) D (cm) Do (dB) L (cm) Ln (cm) D (cm) Do (dB) L (cm) Ln (cm) D (cm) 
145 15.74 516.88 2131.17 65.81 16.53 620.26 2557.40 65.81 17.50 775.33 3196.75 65.81 
440 15.74 170.34 702.32 21.69 16.53 204.40 842.78 21.69 17.50 255.50 1053.47 21.69 
2200 15.74 34.07 140.46 4.34 16.53 40.88 168.56 4.34 17.50 51.10 210.69 4.34 
2400 15.74 31.23 128.76 3.98 16.53 37.47 154.51 3.98 17.50 46.84 193.14 3.98 
8175 15.74 9.17 37.80 1.17 16.53 11.00 45.36 1.17 17.50 13.75 56.70 1.17 
8400 15.74 8.92 36.79 1.14 16.53 10.71 44.15 1.14 17.50 13.38 55.18 1.14 

(7) 
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receiving both payload data  and telemetry and command 
data. Systems operating in the UHF (420-450 Mhz)/VHF 
(120-150 MHz)/ amateur bands typically use Frequency 
Shift Keying modulation scheme and the AX.25 packet 
protocol to support data transmission which can support 
bit rates of 12000 bps and 9600 bps (Leao et al., 2013; 
Selva and Krejci, 2012; Preindl et al., 2009b; Addaim et 
al., 2007) (the amateur service more specifically referred 
to as APRS). Additionally, Gaussian Minimum Shift 
Keying (GMSK) modulation can be used for Telemetry 
and Telecommand data (Addaim et al., 2007). According 
to Palo (2015), some systems use quadrature phase shift 
keying that can provide bitrates of three Mbps coupled 
with forward error correction and there are now ten Mbps 
systems. 

The choice of communication system used in the 
CubeSat    must   be   compatible    with   ground   station 
equipment (Palo, 2015), in terms of frequency bands of 
operation, modulation and coding scheme and protocol. 
Because of the power limitations of CubeSats, for 
meeting the link budget for successful connection, the 
gain required at the receiving ground station may exceed 
what can be practically realized. The communication 
system is typically realized with commercial off-the shelf 
transceivers with modifications (Waydo et al., 2002). 

A major activity in the design of the communication 
system is performing the link budget. The purpose of the 
link budget is to ensure that the signal power that reaches 
the receiver is sufficiently greater than the minimum 
required receive power (receiver sensitivity) with 
reasonable margin to ensure the system performs 
according to BitError Rate (BER) quality and availability 
targets. Factors considered as part of the link budget 
include: Effective Isotropic Radiated Power (EIRP) 
(determined by the transmit power, transmit antenna 
gain, transmit feeder losses); losses incurred by the link 
which include atmospheric loss, polarization loss, rain 
loss, antenna misalignment loss; and free-space path loss 
among others. The free-space path loss is dependent on 
the frequency of transmission and the distance between 
the satellite and ground station. This distance, for LEO 
orbit varies in a fly-pass from the largest distancewhen 
the satellite is just above the horizon with a minimum 
elevation of 10 degrees (Addaim et al., 2007), to the 
shortest distance when the satellite is directly overhead, 
i.e. at the altitude of the orbit (Ichikawa, 2006). The 
worst-case is used in the link budget (Addaim et al., 
2007).  

However, Popescu et al. (2016) suggested that the 
CubeSat transmitter can be dynamically adjusted to 
maintain a constant SNR although the path loss is 
varying. Other factors in the link budget pertain to the 
receiver system. The choice of modulation and coding 
scheme is driven by the BitError-Rate objective and the 
factor by which the minimum required signal power must 
exceed the noise floor (where the noise floor is a factor 
of the system bandwidth, system temperature and the 
system noise figure).  

Typically, for the receiving side of satellite systems 
the figure of merit, G/T, is used. It is the ratio of receive 
antenna gain to the system noise temperature. To make a 
feasible link budget there will be tradeoffs among the 
factors just described. For example increasing the EIRP 
(within regulatory limits) may decrease the G/T required, 
or keeping the same G/T may improve the data rate (Jun-
lin and Chun-sheng 2011). For satellite systems, both 
uplink and downlink budgets should be carried out. 
These are outlined in sub-section 2.6. 
 
2.5. Transceivers 
The Nano avionics UHF transceiver which supports 
AX.25 protocol, provides substantial system margin (not 
taking into account antenna gains), i.e., the difference 
between the transmit power and receiver sensitivity (33-
(-120)=153 dB) is much larger than the other radios. 
However, it operates in half-duplex mode in UHF (430-
440 MHz). The implications of this are two-fold. Firstly, 
there would have to be strict time synchronization among 
the CubeSat, the remote station and the ground station to 
prevent interference when the CubeSat transmits on the 
same frequency. Secondly, the satellite's visibility time 
would have to be shared between signal transmission and 
reception, which means a reduced time for the remote 
station to transmit its data to the satellite. 

The ISIS TRXVU VHF/UHF transceiver has a 
receiver sensitivity of only -104 dBm. So that for the 
uplink, the terrestrial transmitter (remote terminal or 
gateway) should have a higher EIRP, which can be 
achieved by having a higher transmit power and a 
moderate gain antenna, or lower transmit power but a 
much higher gain antenna. For the first case, the power 
requirements of the earth station would be significant, for 
the latter case, the narrower radiation beamwidth would 
require a satellite tracking system. This option was 
chosen. The selected uplink centre-frequency was 146 
MHz, and the downlink was 436 MHz. 

To complete the VHF uplink and UHF downlink, the 
Kenwood TM-D710GA 144/440 dual band transceiver 
would be selected for the remote terminal and gateway. It 
provides three output power levels: HI at 50 W; MID at 
10 W; and LO at 5 W. Its receiver sensitivity is -16 
dBµV. 

For the S-band solution, the HiSPICO transmitter 
and receiver would be used for the downlink. The 
transmitter (which would be located in the CubeSat) is 
100g; the modulation scheme is DQPSK; the RF output 
power 27 dBm (adjustable in the range 16 dBm to 27 
dBm); the data rate is 1.06 Mbps; and the frequency band 
is 2200-2300 MHz in steps of 100 kHz. The receiver 
(which would be located at the ground station) has 
receiver sensitivity of -100 dBm at BER of 10−5. For the 
S-band uplink, a separate receiver module would be 
required in the CubeSat, such as the SpaceQuest RX-
2000 with corresponding TX-2400 at the ground station. 
Unfortunately, the dimensions of the RX-2000 will push 
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the dimensions of the CubeSat to at least 2U instead of 
1U. 
 
2.6. Link Budgets 

To determine the carrier-to-noise-density ratio, (dB), 

at the receiving end of a link, the general formula is as 
follows: 

      (12) 
where Pt is the transmit power (dB); Gt is the gain of the 
transmit antenna (dBi); Ltx is the transmit feeder loss; Lfs 
is the free-space path loss; Lrain is the rain loss; Lo is the 
atmospheric loss; Lpol is the polarization loss; Lam is the 
antenna misalignment loss; Lrx is the receive feeder loss; 
G/T is the figure of merit of the receiver system; and k is 
the Boltzmann constant (i.e., 1.38 × 10−23J○K−1). All 
losses are specified in decibels (i.e., dB). 

The free-space path loss is determined as follows: 
Lfs = 32.4 + 20log10(f)(MHz) +  20log10(d)(km)            (13) 

where f is the frequency of transmission and d is the 
range of transmission. 

If the figure of merit is not explicitly stated for the 
receiver system, that parameter can be replaced by 

            (14) 

where Gr is the receive antenna gain and Tsys is the 
system noise temperature calculated as: 

Tsys = Tb + (F – 1) Tambient                                                 (15) 
where Tb is the background noise temperature due to 
galactic and sky noise; F is the noise factor of the 
system; and Tambient is the ambient temperature usually 
assumed to be 290 ○K. 

The noise power density at the receiver (denoted as 
No) is simply: 

N0  =  kTsys                                          (16) 
The actual noise power (i.e., N) at the receiver is 

N = N0 X BW                             (17) 
where BW is the bandwidth of the receiver system. 
Therefore the carrier-to-noise ratio,  will be: 

         (18)  
Additionally, the energy-per-bit-to-noise-density 
ratio, , will be; 

          (19) 

where Rb is the data rate of the source in bits/second. 
Depending on the transceiver specifications, the 

receiver sensitivity, Pmin, would be provided. In which 
case, the received power, Pr, (after taking into account 
the transmitted power, all gains and losses) should 

exceed the receiver sensitivity by a sufficient margin, 
FM. The link budget equation then becomes:  
Pr = Pt + Gt – Ltx – Lfs – Lrain – Lo – Lpol – Lam – Lrx + Gr      (20) 
and 

Pr – Pmin > FM                                                                (21) 
The link design is constrained by the requirements of 

the CubeSat. Therefore, the approach taken in 
performing the link budget was to set the FM to 5 dB and 
then determine the antenna gains of the CubeSat, remote 
terminal and gateway that would be required to meet the 
budget. 

The receiver sensitivity may be expressed in terms of 
dBµV instead of dBm. Let P denote power in watts 
dissipated by a resistor, R when a voltage of V volts is 
across it. For the case of the antenna system we assume 
that it is matched to R = 50Ω. 

 

 
 

 
 

P(dBm) = V(dBμV) - 107                                 (22) 
Some manufacturers provide the noise figure, NF (in 

dB), of the receiver and not the receiver sensitivity. To 
obtain an estimate of the receiver sensitivity, knowledge 
of the modulation scheme and bit-rate is required and the 
following procedure can be applied: 

 

 

 

 
Pmin(dBm) = Pmin(dB) + 30                                 (23) 
 

where SNRmin is the minimum acceptable signal-to-noise 
ratio for the modulation scheme at a given bit-error-rate 
(BER). For example, the SWIFT-SLX S-Band 
transceiver, NF=0.75 dB, Rb uplink is 5Mbps. Using 
BPSK, 9.59 dB at BER=10−5, Pmin(dBm) was 

calculated to be -104.6 dBm. 
For operating frequencies in the GHz region, Lrain can 

be estimated using the International Telecommunications 
Union recommendation ITU-R P.838-3 (ITU, 2005). 

                 (24) 
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where R is the peak rainfall (in mm/h) at β percentage of 
time in ITU-Zone Z. For example for the Caribbean (in 
Region N) the peak rainfall is 95 mm/h 0.01% of the 
time, and Drain is the portion (in km) of the 
communication link beneath cloud level calculated at the 
minimum elevation. We assumed minimum elevation to 
10○. Storm clouds can be as high as 15 km. 

                     (25) 

The coefficients kr and αr are frequency-dependent 
coefficients. For 2.5GHz with vertical polarization, kr = 
0.0001464 and αr = 1.0085, so that Lrain = 1.20dB. 

The minimum and maximum free space path loss, and 
the Doppler shift could be calculated at different 
frequencies and altitude. From the antenna gain, one can 
determine how much gain the CubeSat antenna would 
have to provide compared to that of the remote node (in 
the case of the uplink) and the gateway (in the case of the 
downlink). Consider for example, the UHF/VHF uplink 
link budget for an altitude of 400 km. The combined 
antenna gain is 9.0 dB. Therefore, the CubeSat antenna 
could have 0 dBi gain and the remote station’s antenna 
should provide a 9.0 dB gain. In another possible 
configuration, the CubeSat antenna could have 3 dBi 
gain, which then means that the remote station’s antenna 
should provide a 6.0 dB gain. Figure 2 depicts these 
required total antenna gains for the S-band and 
VHF/UHFband as a function of satellite altitude. 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Figure 2. Total antenna gains required to complete link budgets 
 

 
In Figures 3, 4 and 5, ground station dish diameters 

are calculated for different satellite altitudes, for when 
the CubeSat employs a helical antenna of varying turns 
in the S-band, and when it employs dipole antennas in 
the VHF/UHF band, respectively. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Ground station dish diameters at S-band when CubeSat 

antenna is helical 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Ground station dish diameters at VHF/UHF uplink when 

CubeSat antenna is dipole 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 5. Ground station dish diameters at VHF/UHF downlink 
when CubeSat antenna is dipole 

 
 
2.7. Other Design Considerations 
Because of the limited space and cost of CubeSats, 
complex attitude control would be avoided. The attitude 
control typically adopted would be a passive alignment 
to the local magnetic field (Leao et al., 2013; Blas, 2009; 
Addaim et al., 2007) using permanent magnets (Gao et 
al., 2009).  
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As a result, the orientation of satellite with respect to 
the earth cannot be determined beforehand. This then 
constrains the choice of antenna to an omnidirectional 
type (Addaim et al., 2007; Leao et al., 2013). 
Omnidirectional antennas are low gain which in turn 
constrains the receive power and hence the data rate of 
the system. Were highly directive (i.e., high gain) 
antennas to be used, then active attitude control and 
pointing systems would have to be used to ensure 
alignment between the satellite antenna and the ground 
station antenna between which is relative motion for 
LEO orbits. Murtaza (2011) outlined an Attitude and 
Orbit Determination and Control Subsystem (AODCS) 
design requirements. Preindl et al. (2009a), mention 
another function for this subsystem which is attenuation 
control so as to maximize the received signal at the 
ground station and to keep it constant. 

Due to the small size and hence limited surface area 
of CubeSats, the average power that can be obtained via 
solar array panels that typically cover the body of the 
satellite, is very low (Palo, 2015; Addaim et al., 2007). 
The primary power comes from the solar panels, and the 
secondary power from battery packs (Gao et al., 2009). 
Selva and Krejci (2012) concur that a conservative 
estimate of available power in CubeSats is on the order 
of 1W for a 1U. When estimating the power to be 
generated by the solar panels, the following parameters 
should be considered: the duration of the daylight 
exposure to the satellite; the solar cell efficiency and 
power generated per unit area; the inherent degradation 
of the solar panel and the degradation per year; the 
worst-case sun incident angle; and the total area available 
for the solar panel (Murtaza, 2011; Lee et al., 2013).  

When determining the power generated by the 
batteries, the parameters for consideration include the 
duration of each eclipse ; the number of eclipses, and the 
Depth of Discharge (DOD) of the battery (Murtaza, 
2011). The mass of the solar array as well as the mass of 
the battery must be taken into account in the mass budget 
which also deducts from the power budget. Ravanbakhsh 
and Franchini (2013) presented solar array sizing and 
battery sizing procedures. They highlighted the mass and 
power budget equations of the System Engineering 
Design Tool (SEDT) created by Chang et al. (2007) 
which were trendlines relating mass of subsystems with 
the total mass of the system and power allocated to 
subsystems versus the total power available to the system 
based on data obtained from 200 small satellites 
launched between 1990 and 2004. However, the lower 
limit is 10 kg satellite mass which is above the range for 
CubeSats. 

Radiation and thermal control is another 
consideration in satellite design. Addaim et al. (2007) 
mention two categories of radiation effects: total 
radiation dose and Single-Event Effects (SEE). The total 
radiation dose a nanonsatellite can experience is 25 rads, 
however CMOS technology can survive approximately 
5k rads. The SEE are more destructive and can manifest 

as Single Event Upset (SEU), Single Event Transient 
(SET) or Single Event Latch-up (SEL). The first two do 
not cause physical damage but the latter can. These can 
result in four bit-errors per day and less than two latch-up 
per year. To limit radiation there should be suitable 
shielding of the electrical components. To limit the SET 
effect, lower clock speeds are recommended. Thermal 
control, according to Murtaza (2011), ensures that the 
satellite systems are kept within the stipulated 
temperature bounds (typically 0 to 30 degrees Celsius) 
regardless of the thermal environment. Thermal control 
can be active or passive and cost, power, weight and 
reliability influence the choice. 

The structural design of the CubeSat must comply 
with the CubeSat design specification as stated by 
Mehrparvar et al. (2014), which has mass and volume 
restrictions and specifies electro-mechanical interfaces 
such as the deployment detection switch and the remove-
before-flight switch (Schaffner 2002). And, can be made 
of 705 Aluminium (Waydo et al 2002). 

 
3. Conclusion and Future Work 
This paper focused on design considerations of the 
communication subsystem of the CubeSat system for the 
transfer of ADCP data via a satellite link. We did not 
treat with the underwater link between the ADCP device 
and the landing/pier. Options for this part of the 
communication link have been considered by Long 
(2014) using autonomous vehicle networks. 

To summarize the design process: we determined 
the bandwidth requirements of the ADCP; designed  the 
LEO constellation configurations for different orbital 
altitudes; determined, with the aid of AGI’s STK 
simulation tool, the worst-case bit-rate that can be 
accommodated during the visible period; 
exploreddifferent frequency bands for transmission( with 
the UHF/VHF and the S-band being selected as likely 
candidates); performed antenna design; selected 
transceivers for the ground station and CubeSat; and 
calculated link budgets for the different altitudes. 
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Abstract: This paper describes a study of the new product development process within the food and beverage 
manufacturing sector of Trinidad and Tobago. A total of twenty-three (23) companies agreed to participate in the 
study. They were contacted using the Trinidad and Tobago Manufacturers’ Association (TTMA) database and social 
media. Current models and practices for the new product development process were evaluated and analysed and key 
activity stages were selected for the study. The stages that were assessed were market assessment, idea screening, 
prototyping, core development, testing and industrialisation. The findings revealed that the companies focused heavily 
on the industrialisation stage and did not uniformly adhere to the other stages of the process. It was also found that the 
companies lacked formal sensory programmes. It is recommended that companies improve their new product 
development practices to align with best practice. In addition, an integrated sensory framework could be used to 
quantify the sensory characteristics at each key stage of the product development process. 

Keywords:  New Product Development Process, Design Process Improvement, Descriptive Sensory, Food and Beverage 
Manufacturing 

 
1.  Introduction 
The third largest contributor to Gross Domestic Product 
(GDP) and the second largest sub manufacturing 
industry in Trinidad and Tobago is the food and 
beverage manufacturing sector (Investt, 2017). There 
was significant growth in the sector in the year 2016 as 
the sub industry grew by 11.5% but it is projected to 
plateau as there was a minimal decline of 0.1% during 
2017 (GORTT, 2017). Notwithstanding that the food and 
beverage manufacturing sector has a significant share of 
53% of the manufacturing sub-sector, its contribution to 
GDP is as little as 3.5% (GORTT, 2017).  This presents 
an opportunity within this sector for diversification and 
innovation (Bizcommunity, 2017). 

In the food and beverage sector, innovation is most 
commonly presented as a new product or upgraded item. 
Innovation and new products create market excitement, 
revive organisations and competitively position the 
organisation by transforming market demands into a 
physical commodity and can therefore lead to successive 
growth (Bizcommunity, 2017). 
 
2. Background and Review 
The successful introduction of new products is critically 
important for the survival and growth of companies (Lee 
and O’Connor, 2003). Locally, large firms relied on 
internal research and development to create new 

products and to remain competitive (Motilal et. al, 2014). 
KC Candy Limited and Angostura Limited were 
analysed by Swift (2014) who stated that 
multidisciplinary teams were used in both companies. 
This supported the theory by Sosa and Mihm (2008) 
which states that inputs from both marketing and 
technical sides of the business are required. The process 
of developing new products can be specific to an 
industry or benchmarked from standards (Rudder, 
Ainsworth and Holgate, 2001). Another critical aspect of 
the success of product development efforts is based on 
the involvement and support of senior management 
(Schimmoeller, 2010). This is in alignment with 
Crawford (1972) who stated that it is important to ensure 
that the organisation’s new product strategy provides a 
unified direction to ensure successful new product 
development. 

There are several models that are proposed within 
the field of product development that incorporate the 
multidisciplinary contributions of the key elements of the 
process. One such model was discussed by Baker and 
Hart (2007) who stated that sequential product 
development is based on the ‘stage-gate’ theory, where 
each stage is independently conducted by a department. 
Critics of this process, such as Wright and Race (2005) 
presents that it allows room for much error as it fosters 
one-way communication. Most authors still regard this 
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model as the most efficient approach to new product 
development as its sequential nature allows maximum 
control as stated by Cooper (1996) and Thomke (2007). 
There are three main models which are utilised for 
sequential new product development. These were 
proposed by Perreault and McCarthy (2006), Annachino 
(2007) and Kotler and Keller (2009). The number of 
steps in each model differs with the broad categories 
remaining constant.  Perreault and McCarthy (2006) 
proposed a considerably short model consisting of only 
five stages which was reviewed and analysed by 
Annachino (2007) who proposed a six-stage model. This 
was then revised by Kotler and Keller (2009) to propose 
an eight stage model. These models refer to general 
product development and include elements of marketing 
and business development.  

Product development within the food industry was 
analysed to focus on five critical areas as proposed by 
Czapski (1995). These five steps were viewed as critical 
for food product development. Earle et al. (2001) 
demonstrated the activities and outcomes of food product 
development by further evaluating the five steps 
proposed by Czapski (1995). The models presented by 
Czapski (1995) and Earle et al. (2001) contrasted with 
the models proposed by both Perrault and McCarthy 
(2006) and Kotler and Keller (2009). Perrault and 
McCarthy (2006) did not make any reference to testing 
in the model while Kotler and Keller (2009) referred to 
concept development and testing but did not make 
reference to testing within the product development 
stage. 

Given that there are several proposed models for the 
new product development process, it was of great benefit 
to use a thematic summary of the studied models, which 
concisely represented various major activities. Table 1 
summarises the major activities required in the new 
product development process. The models from which 
the parameters were adapted are listed as the model of 
derivation and other models that made reference to 
elements of the parameters are also listed. This 
framework was used to analyse the product development 

processes of food and beverage manufacturing 
companies in Trinidad and Tobago. 

 
3. Methodology 
Given that the study was focused on the food and 
beverage manufacturing sector of Trinidad and Tobago, 
the project scope was confined to three (3) criteria 
below: 
1. The company must be a manufacturer of either food 

or beverage products, 
2. The company must be legally registered to be 

considered, and 
3. The manufacturing facility must be located in either 

Trinidad or Tobago. 
When conducting qualitative research, it is of great 

importance to obtain participants who are familiar with 
the subject matter (Cresswell and Plano Clark, 2011). 
This may result in a limited number of suitable 
participants (Patton, 2002) as it is further limited by the 
participants’ availability and willingness to contribute 
(Bernard, 2002). Local databases such as the Trinidad 
and Tobago Manufacturer’s Association’s (TTMA) 
membership directory and the Trinidad and Tobago 
Companies Registry were used to obtain names of 
legally registered food or beverage manufacturers within 
Trinidad and Tobago. The social media platform, 
Facebook, also provided useful communication channels 
with food manufacturers, which allowed positive 
soliciting of participants. A total of 56 companies were 
contacted for participation however, only 23 companies 
made the time available to facilitate the interview. This 
yielded an overall response rate of 41.1%.  

Data was collected using a semi structured interview 
over the telephone or in person. All responses obtained 
from the interviews were useable, giving a completion 
rate of 100%. The companies that participated in the 
research covered a broad spectrum within the food and 
beverage manufacturing sector, including manufacturers 
of snack foods, coffee, juices, water, beer, confectionery, 
frozen pizza dough, wheat, meat, drink concentrates, 
condiments and ice popsicles. The companies were then 
assessed to determine the following: 

 

Table 1. Major Activities Required for Food Product Development 
Parameters  Model of Derivation Models That Reference Parameters  
Market assessment  Annachino (2007) Czapski (1995), Earle et al. (2001), Perreault and 

McCarthy (2006), Kotler and Keller (2009) 
Idea screening Earle et al. (2001), Perreault and McCarthy 

(2006), Kotler and Keller (2009). 
 

Prototyping Annachino (2007) Czapski (1995), Earle et al. (2001), Perreault and 
McCarthy (2006), Kotler and Keller (2009) 

Core / Product Development Annachino (2007) Czapski (1995), Earle et al. (2001), Perreault and 
McCarthy (2006), Kotler and Keller (2009) 

Testing (analytical, sensory, market) Czapski (1995) Earle et al (2001) 
Industrialisation  
(or commercialization) 

Annachino (2007) Czapski (1995), Earle et al. (2001), Perreault and 
McCarthy (2006), Kotler and Keller (2009) 

* - The term ‘industrialisation’ refers to the inclusion of the new product as a manufacturing item. The term used by Perrault and McCarthy (2006) 
and Kotler and Keller (2009) to describe this activity is ‘commercialisation’.  
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1. The factors that drive the new product development 
process. 

2. The departments involved in the new product 
development process. 

3. The engagement of the company in each key activity 
that was identified in Table 1 which were: a) Market 
assessment, b) Idea Screening, c) Prototyping, d) 
Core Development, e) Testing, and f) 
Industrialisation. 

 
4. Results and Analysis 
Based on the interview data, the factors that influence the 
new product development process were analysed to 
understand what drives the process and the departments 
that are involved in the process. These factors are 
described, as follows. 
 
4.1 Factors Driving the New Product Development 

Process 
The factors that drove the organisation to engage in new 
product development activities are depicted in Figure 1. 
The top three factors that influence the process were 
listed as market/sales trends, brainstorming and customer 
feedback. These findings align with general new product 
development practices where ideas for new products 
originate with current trends and customer feedback. 
However, for some companies, the market assessment 
may not be formalised or in depth as described in Section 
5.3. New ideas are also generated internally via 
brainstorming. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Factors that drive the new product development process 

 
 
4.2 Departments Involvement in the New Product 

Development Process 
The product development process involves many 
departments and based on the background research, it 
was noted that multidisciplinary teams yielded better 
success rates. As such, the involvement of a cross 
functional departments was evaluated. A breakdown of 
the departments involved in the process is shown in 
Figure 2 where the most commonly involved 
departments were found to be executives, quality, sales 

and marketing and production. Interestingly, Research 
and Development (R&D) showed relatively little 
involvement in the new product development process. 
 
 
 

 

 

 

 

 
Figure 2: Departments involved in the new product development 

process 
 
 
4.3 Company Engagement in Key Activity Areas 
The key activities within the new product development 
process were evaluated against established models to 
understand whether the company engaged in the said 
activity. Figure 3 shows the percent responses of the 
companies for each stage of the new product 
development process. The only activity that solicited 
100% response was industrialisation. Other activities 
were selectively performed depending on the company. 
The activity that had the lowest level of involvement was 
market evaluation as many respondents stated that they 
did not view the activity as important.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Percent response showing the involvement of the 
company at each stage 

 

The findings revealed several challenging areas in 
each activity stage of the new product development 
process.  The most common challenges of each stage of 
the product development process were individually 
analysed and recommendations were provided for each 
issue. A summary of the findings, challenges and 
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recommendations for each stage is represented in Figures 
4 to 9.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Challenges and opportunities in the market assessment 
stage 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 5. Challenges and opportunities in the idea screening stage 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Challenges and opportunities in the prototyping stage 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. Challenges and opportunities in the core development 
stage 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 8. Challenges and opportunities in the testing stage 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9. Challenges and opportunities in the industrialisation 
stage 

 
 
After careful consideration of the major challenges 

and areas of opportunities within each stage of the new 
product development process, general recommendations 
were made for improvement of the new product 
development process.  
 
5. Discussion and Recommendations 
The findings of this research revealed that there is no 
fixed process that is used within the food and beverage 
manufacturing sector for product development. The 
opportunities that were identified could assist in 
establishing a thorough process which could benefit the 
company by allowing the design of a product to match 
the customer needs. This would result in a product that is 
well accepted by the market. The key stages that were 
identified and analysed were: 
1. Market assessment, 
2. Idea screening, 
3. Prototyping, 
4. Core development, 
5. Testing, and 
6. Industrialisation.  

The inclusion of technical activities such as 
prototyping and core development allows the 
manufacturer the opportunity to test the product within 
the environment in which it is being manufactured 
therefore providing data that could assist in determining 
efficiencies, outputs, process losses, and changeover 
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times. This information allows the manufacturer to 
determine an accurate cost of goods prior to the launch 
of a product and could eliminate unnecessary costs after 
the product is launched in the market. The main 
recommendations are proposed to assist in a robust 
product development process. These are explained as 
follows  
 
5.1 Implementation and Access to Local Consumer 

Database 
Market trends and research on consumer behaviour are 
easily obtained from international market research, 
which as mentioned by 37% of respondents, is used by 
local companies to predict consumer behaviour on the 
local market during the market assessment stage. The use 
of international market trends could lead to incorrect 
projections as there are cultural differences that may not 
be representative of the local market. As such it is 
recommended that a local database could be established 
to assist manufacturers in understanding the needs of its 
customers. This would provide meaningful insight into 
consumer behaviour and customer trends on the local 
market. In addition, it would allow manufacturers to 
contrast the needs of the local and international markets, 
and develop business strategy to align to the similarities 
and differences in these markets. 
 
5.2 Formalisation of a Sensory Programme 
Successful food product development is dependent on 
how well the need of the customer is met by developing 
a desired product. The desired product characteristic is 
defined by means of its sensory attributes. The sensory 
characteristics therefore become very important as this 
provides a language to effectively relay information from 
customers. The introduction of a formal sensory 
programme to measure and record product characteristics 
could assist in multiple stages that were evaluated in the 
new product development process. This would help to 
clarify the desired product characteristics and 
quantitatively measure and record feedback. 
 
5.3 Determination of Product Characteristics 
The desired product characteristics are typically obtained 
in the initial stages of market assessment and the testing 
stage. Many respondents (some 30.4%) stated that 
miscommunication was experienced when interpreting 
the feedback provided. 7% of respondents experienced a 
similar issue when interpreting feedback provided at the 
testing stage prior to industrialisation. The use of clear 
descriptive sensory terminology is recommended to 
minimise miscommunication. This ensures that suitable 
terminology is used when describing the preferred 
product characteristics. As a result, the implementation 
of such could reduce the project timeline since it 
accurately pinpoints the areas of the product that needs 
to be modified or enhanced.  
 

5.4 Measuring and Record of Feedback 
In the prototyping stage 66.7% of respondents stated that 
there was no formal sensory testing conducted on the 
prototypes. The preferred samples are typically selected 
by the owners of the companies who decide based on 
personal preference. Similarly, in the testing stage there 
were 60.4% of respondents who stated likewise. These 
companies were therefore unable to meet the technical 
specifications of the desired product. It is recommended 
that a trained sensory panel be used to document and 
trend feedback so that the data obtained is consistently 
recorded. This could assist to quantitatively chart the key 
sensory characteristics of the product using calibrated 
panellists. According to Civille and Carr (2015), a 
calibrated panellist is trained to use a measurable scale 
when evaluating a sample. It is comparable to an 
instrument that requires regular calibration. 
 
5.5 Inclusion of New Product Development at a 

Strategic Level 
It is recommended that product development be included 
at a strategic level across multiple departments so that 
the deliverables are clear across the organisation. Such 
strategic alignment of the company needs to be clear to 
encourage innovative/outside thinking, while still 
complying with budgetary constraints and time 
constraints for launch. This recommendation could 
improve the activities at various stages of the product 
development process.  
 
6. Designing a Sensory Framework 
Several issues were addressed by recommending the 
formal implementation of a sensory programme. This 
provides a feasible opportunity for a sensory framework 
to translate and quantify the consumer’s perception into 
an understandable language that could be measured and 
rated by the companies. This could be done either by 
being implemented in organisations or by contracting a 
specialised consultancy service. 

Results show that companies and employees utilise 
varying terminologies to describe the same product 
characteristic in the Food and Beverage manufacturing 
sector.  A sensory framework that is specific to product 
development would align the key stages of the new 
product development process with the type of sensory 
analysis that is required.  This would allow for better 
feedback from both internal and external customers and 
consumers. It would also assist in cost savings when 
redoing prototypes or tweaking the product during the 
core development stage as the product definition is more 
vivid thus making it easier to adjust technical 
specifications to achieve the desired product. 

A proposed sensory framework was developed (see 
Figure 10). The framework was presented to the 
participant companies for preliminary feedback, and 17 
companies (some 73.9 % of respondents) stated  that  the  
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Figure 10. Proposed Template for Sensory Framework 
 
 

proposed sensory framework could be beneficial in the 
new product development process. 

The implementation of a sensory framework to 
assist in product development could result in cost savings 
as the desired sensory characteristic of the new product 
could be quantitatively documented and evaluated at 
each process step. This reduces the number of prototypes 
and trials that is required to meet the desired sensory 
characteristic of the market. An outline is presented 
below for each stage of the new product development 
process.  

 
6.1 Market Assessment 
The major challenges in the market assessment stage that 
was experienced by companies who engaged in this step 
were the use of international data and miscommunication 
of the customer’s needs. The implementation of a 
descriptive sensory session at this stage could allow the 
company to understand the key sensory characteristics of 
the desired product (Sensoryanalysis.com, 2015). This 
therefore could assist companies to understand the 
desired sensory characteristics of the product that they 
are benchmarking against. It also provides the company 
with a competitive advantage to exceed the customer’s 
expectations by improving on specific characteristics that 
may be mentioned.  
 
6.2 Idea Screening 
The major challenge experienced by companies in this 
stage was that the screening process was done by one 
person or one family. The use of sensory profiling to 
evaluate the product characteristic and its corresponding 
intensity may eliminate the ambiguity associated with 
relying on a small sensory panel. The sensory 
characteristics could be clearly iterated and transferred 
from one product development stage to another. This 
would positively impact on the speed of execution of the 
project as the quantitative component is now used as the 
premise for the prototyping stage. 
 
6.3 Prototyping 
The lack of formal sensory testing was unanimously 
listed as the biggest challenge in this process stage. The 
use of preference tests and sensory profiling is 

commonly used in the food industry to discern the 
difference between samples (O'Sullivan, 2017). This 
would surely provide a benefit to many companies 
within the industry.  
 
6.4 Core Development 
The major challenges within this process stage was 
operational issues such as not obtaining line space to 
schedule trials, delays in receiving materials and not 
comprehensively conducting the development work. The 
use of preference tests and sensory profiling at this stage 
of development could assist manufacturers to ensure that 
the desired product could be replicated on the production 
line on full scale or half scale batches. These sensory 
tests could also be used at this stage to evaluate the 
differences in raw materials when deciding to source 
from an alternate supplier or a new raw material. 
 
6.5 Testing  
The lack of formal sensory testing was again listed as the 
biggest challenge in this process stage. It was also noted 
that there was miscommunication of the product 
characteristics when market testing was conducted. The 
use of descriptive sensory and preference testing could 
be beneficial to the companies to ensure that the 
necessary feedback regarding which prototype or which 
sensory characteristic was preferred by the consumer.  
 
6.6 Industrialisation 
The major challenges in this stage were operational 
challenges as the respondents indicated that they 
experienced deterrents in meeting the stipulated launch 
date and issues with managing the sales forecasts. The 
use of descriptive sensory testing, preference testing and 
triangle tests could be beneficial to the companies to 
ensure that the sensory characteristics and quality of the 
product remains consistent over the course of the 
industrialisation and the product life span. 
 
7. Conclusion 
In achieving the research objectives of this study, it was 
apparent that there is a discrepancy in the new product 
development process in Trinidad and Tobago when 
compared to international practices. The only stage 
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within the new product development process that 
solicited a 100% response was industrialisation, which 
demonstrates a major challenge whereby local food and 
beverage manufacturing companies are not effectively 
executing key stages of the process. This problem could 
be alleviated by increasing awareness of these problems 
and then encouraging new product development 
activities at a strategic level in local organisations. 

Another major challenge is the inability of the 
companies to extract, understand and interpret consumer 
needs when assessing the market or conducting testing.  
Recommendations were made to improve the new 
product development process in the food and beverage 
industry to align with best practice. Finally, the potential 
of an integrated sensory framework was demonstrated as 
a key strategy that could be implemented to clearly 
translate customer needs into a standard descriptive 
language for use across the new product development 
process. 
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Abstract: Thermal treatment was applied on same mass of kaolin samples selected from Edo, Ogun, Ekiti and Ondo 
states of Nigeria at varying temperature of 500, 600, 700, 800, 900 and 1,000°C for 30, 60, 120 and 180 minutes to 
obtain metakaolin, which is a complementary cementitious material in concrete production or as a geopolymer in 
Metakaolin based concrete. However, not all kaolin deposits can offer these characteristics. Virtual comprehensive 
dehydroxylation of the material was achieved at optimal calcination parameters of 800°C/60 min. The thermal, 
chemical, differential thermal (DTA), X-ray Diffraction Spectroscopy (XRD) and Fourier Transform Infrared 
Spectroscopy (FTIR) characterisations of raw kaolin samples were carried out. FTIR and XRD investigations revealed 
the presence of kaolinite in the raw samples. Metakaolin powder was used to substitute cement portion in the designed 
mix of 1:1.1:2.6 and prescribed mixes of 1:1.5:3 and 1:2:4 at 0, 5, 10, 15, 20 and 25% using varying water-cement 
ratios ranging from 0.4 to 0.6. Compressive strength of the cubes was determined at the curing days of 7, 28 and 90. 
Flexural strength of beams was also determined at curing days of 28, 90 and 180. Results from the DTA showed that 
kaolin can be calcined to get metakaolin at temperature ranging from 700°C - 850°C. The transition of the kaolinite to 
metakaolinite was established in all the samples after thermal treatment (calcination) by the FTIR. Results showed that 
the yield increased as the calcination temperature increased. For compressive strength, results showed that the highest 
strength was obtained at 15% Metakaolin replacement and 0.4 water-cement ratio. At this, Metakaolin concrete(Mk-
C) gained strength rapidly, exhibiting approximately 43.6%, 41.8% and 41.9% increase over 7-day Mk-C strength by 
28-days for 1:1.5:3, 1:2:4 and 1:1.1:2.6 mix ratios. 

Keywords:  Calcination, Compressive strength, Fourier Transform Infra-red Spectroscopy, Flexural strength, Scanning 
Electron microscopy, X-ray diffraction spectroscopy 

 
1.  Introduction 
The Improvement of construction materials, which offers 
practical and eco-friendly benefits, is the focus of this 
innovative era. Kaolinite is a solid homogeneous 
inorganic substance with chemical composition of 
Al2Si2O5 (OH)4, which means each particle has one 
tetrahedral silica layer and one octahedral alumina layer. 
Individual particles of kaolinite form stacks with 
hydrogen bonds and van der Waals forces holding 
together successive particles. The strength of these bonds 
prevents water from entering the interlayer spaces and 
causing swelling (Mitchell and Soga, 2005). Metakaolin 
(MK), one of such eco-friendly materials is categorised 
as an innovative complementary cementitious material. 
When metakaolin is used in cement-based systems, 
practical and significant environmental benefits (eco-

friendly) are obtained (Ilic et al., 2010). Metakaolin is a 
dehydroxylated form of the clay mineral kaolinite (see 
Equation 1) 

Al2Si2O5 (OH)4→Al2O3.2SiO2+2H2O↑                  (1) 
The transformation of kaolin to metakaolin through 

calcination depends on the mineralogical states of the 
kaolin deposit. The thermal transformation of kaolinite 
has shown that factors such as temperature, heating rate 
and time, cooling rate and ambient conditions, 
meaningfully has effect on the dehydroxylation process 
(Kakali et al., 2001). Most of kaolinites adsorbed water 
is lost between 100-200°C. Kaolinites become calcined 
and by losing water through dehydroxilisation in the 
range of 500-800°C. An endothermic process occurred 
during the dehydroxilisation of kaolinite to metakaolin. 
This could be attributed to the great volume of energy 
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required to remove the chemically bonded hydroxyl ions. 
The hydroxyl ions are responsible for the breakdown of 
the crystal structure producing a transition phase with 
high surface area. Metakaolin is a highly pozzolanic and 
reactive material and burning at higher temperature will 
cause recrystallisation into quartz and mullite (Salvador, 
1995).  Metakaolin (MK), a complementary cementitious 
material, adapts to ASTM C 618, Class N pozzolan 
specifications (ASTM 1994).  

The pozzolanic activity of metakaolin is its 
distinctive characteristic for use in cement based 
systems. Metakaolin reacts chemically with hydrating 
cement to form an improved paste microstructure. 
Complementary cementitious materials could increase 
the workability, mechanical properties, and durability of 
concrete besides their positive environmental impact. 
They also possess latent hydraulic reactivity or 
pozzolanic or a permutation of these qualities (Khatib 
and Hibbert, 2005). The term pozzolan can be defined as 
a siliceous material, which, in finely divided form and in 
the presence of water, reacts chemically with calcium 
hydroxide to form cementitious compounds (Batis et al., 
2005). Pozzolans, like metakaolin helps to reduce 
bleeding of concrete and also improves the interfacial 
zone of the concrete. This is done by enhancing the 
hydration process of portland cement due to the presence 
of calcium silicate hydrate (CSH), which acts as a 
strength enhancer in the concrete containing pozzolan 
(Mehta and Monteiro, 1995). 

 In Nigeria, there are vast deposits of kaolin in the 
South-West, South-East, South-South and North-West 
regions of the country and an estimate on kaolin mineral 
deposit reserve in the country amounts to about 2 billion 
metric tonnes. Presently, kaolin deposits are extracted for 
commercial use in the manufacturing of ceramics and 
porcelain wares, production of drugs and for cosmetics 
purposes. Hence, it is important to determine the 
suitability of the metakaolin that could be obtained from 
Nigeria kaolin deposits for good assessment of the high 
cost of building materials in a growing economy like 
Nigeria. This would help to sustain rapid infrastructural 
development with affordable shelter and constructional 
materials. 

In this study, methods such as differential thermal 
analysis (DTA), X-ray diffraction (XRD) and Fourier 
Transform Infrared Spectroscopy (FTIR) are employed. 
This study is focused on the investigation of the 
mineralogical properties of selected Nigeria kaolin 
deposits and to determine the cementitious 
characteristics of metakaolin from these kaolin deposits 
in concrete production. The pozzolanic ability of 
metakaolin was also tested for, by casting concrete 
samples with metakaolin to determine their mechanical 
responses through compressive strength and flexural 
strength tests. The objectives are to determine the 
optimal calcination parameters for obtaining metakaolin 
from kaolin clay, characterisation and analysis of both 
the raw kaolin and the calcined kaolin (Metakaolin); and 

to determine metakaolin cementitious properties in 
concrete production. 
 
2. Materials and Methods 
2.1 Materials 
Kaolin was obtained through mining operations at a 
depth of (1.5-2 metres) from the top soil and it is 
commercially available in large quantities in the study 
states. Four locations in Nigeria were selected for this 
study; Ogun (Imeko), Edo (Okpela), Ondo (Ifon) and 
Ekiti (Isan-Ekiti) states (see Figure 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Map of Nigeria showing the study locations 

 
 
2.2 Methods 
2.2.1 Thermal Treatment 
For the dehydroxylation process, representative 1.5 kg 
samples of kaolin were taken from the original materials 
using the quartering method. Thermal treatment was 
applied to the kaolin samples in the laboratory furnace at 
different temperatures (500, 600, 700, 800, 900 and 
1,000°C) and at holding times of 30, 60, 120 and 180 
mins. After heating, samples were cooled to room 
temperature (24.5°C) to prevent the crystallisation of 
amorphous (unstructured) metakaolin then the 
percentage mass loss was determined. This thermal 
treatment process of kaolin samples was carried out at 
the Department of Metallurgical Engineering, Yaba 
College of Technology, Lagos. 
 
2.2.2 Mineralogical procedures 
Characterisations of both the raw kaolin and thermally 
treated kaolin (Metakaolin) were carried out. Differential 
thermal analyses (DTA) of the samples were carried out 
at the Centre for Energy Research and Development, 
Obafemi Awolowo University, Ile-Ife using an 
INETZSCH DTA 404 PC. 5mg of each sample mass was 
subjected to heat using DTA/TG Al2O3 crucible and 
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heated from 20 to 1,000°C at a constant rate of 10 °C/min 
in air.  

X-ray Diffraction (XRD) of the samples was done to 
check the evaporation of kaolinite peaks after calcination 
at National Geosciences Research Laboratories (NGRL) 
Kaduna using Empyrean XRD model. Furthermore, 
Fourier Transform Infra-red spectroscopy test (FTIR) 
was carried out to confirm the presence of distinctive 
bands of kaolinite in raw sample and their absence in 
thermally treated samples at Redeemer’s University, 
Ede, Nigeria using Shimadzu Scientific 
spectrophotometer model. 
 
2.2.3 Laboratory Experimental Techniques 
The Metakaolin obtained was milled to achieve a finesse 
of 700-900 m2/kg and sieved using 45µm (No. 325) 
sieve to obtain fine texture and to remove impurities like 
sand from the sample. Due to the closeness of the 
mineralogical properties of the metakaolin from the 
study locations, Ogun sample was chosen to determine 
the mechanical properties of cement-metakaolin 
concrete. Optimum water cement ratio and optimum mix 
ratio were then determined from compressive strength 
test. For the designed mix ratio, a control mix (without 
Metakaolin) of grade M50 was designed to achieve a 
target compressive strength of 60N/mm2. Prescribed mix 
ratios of 1:1.5:3 and 1:2:4, and water-cement ratios of 
0.4, 0.5 and 0.6 were adopted. Metakaolin (MK) was 
used to replace ordinary Portland cement at various 
levels of 0, 5, 10, 15, 20 and 25% by mass of binder 
content. A total of six mixes were done.  

Three repeat samples were done per data point 
throughout the experiment. Fifty-four cubes were cast 
using designed mix while a total of thirty-six (36) mixes 
were prepared for the two prescribed mix ratios adopted 
(1:1.5:3 and 1:2:4) and a total of three hundred and 
twenty-four cubes (324) were cast. The test procedures 
were in accordance to BS EN 12390-3 (BSI, 2009). All 
cubes were of sizes 150×150×150 mm were tested for 
the compressive strength at 7, 28 and 90 days. Optimum 
values from the compressive strength test were employed 
to determine the flexural strength test of unreinforced 
beams. Figures 2 and 3 show the cast samples. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. Cubes for compressive strength test 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Beams for flexural strength test 

 
A total of 30 unreinforced beams of size 

150×150×750 mm were cast and cured for 28, 90 and 
180 days. Curing was carried out at the laboratory 
environment and the temperature range of the curing 
water was 27±3°C. Flexural strength was carried out in 
accordance to BS EN 12390-5 (BSI, 2000).  
 
3. Results and Discussion 
3.1 Calcination of Kaolin Clay 
As shown in Table 1, the percentage of mass loss at 
different temperatures and heating times were recorded. 
For all samples, mass loss increases up to 120 mins, 
while prolonged heating has a negligible effect on the 
mass loss. For all applied heating times at 800°C, the 
mass losses are similar. It is evident that at calcination 
temperature of 800°C and holding time of 120 mins, 
mass loss is almost identical with that at 800°C for 60 
mins. Taking economic factors into consideration, the 
optimal calcination temperature and holding time are 
800°C and 60 mins, respectively. This is slightly 
dissimilar to Elimbi et al. (2011) findings, where 700°C 
was found as the optimal temperature. This dissimilarity 
may be attributed to the geological structure of samples 
locations. 
 
3.2 Chemical Composition of Kaolin Samples 
Chemical composition of the raw kaolin was determined 
by silicate method in Chemistry Department of the 
University of Lagos and the percentage composition of 
the different compounds present is shown in Table 2. It 
is observed that Kaolin from all the locations gave above 
70% of SiO2 + Al2O3+ Fe2O3. 
 
3.3 Thermal Behaviour of Kaolin Clay 
Figure 4 presented the DTA curves of the kaolin 
samples. The first phenomenon occurred at 100°C and is 
related to elimination of water of hydration (i.e. the 
release of water absorbed in pores and on the surfaces). 
The second phenomenon occurred between 200°C and 
500°C, and the mass loss is attributed to the pre-
dehydration process that takes place because of the 
reorganisation in the octahedral layer.  
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Table 1: Mass loss (%) of kaolin for different calcination temperatures and times 
  Temperature (°C)     
  Sample A (Edo)     
Heating time (min) 500 600 700 800 900 1000 
30 0 2.00 10.67 13.33 14.00 14.67 
60 0.67 4.00 11.33 12.00 13.33 14.00 
120 2.67 4.67 10.00 12.00 12.07 12.09 
180 2.00 12.00 12.18 13.40 12.12 12.27 
  Sample B (Ogun)     
30 5.33 8.00 12.00 14.67 16.00 16.67 
60 5.33 11.33 13.33 15.33 16.67 17.33 
120 6.67 12.67 14.67 15.33 15.40 15.39 
180 7.33 13.33 14.92 15.00 15.07 15.31 
  Sample C (Ondo)     
30 0.67 2.00 4.67 8.00 10.67 11.33 
60 0.67 3.33 4.67 9.33 11.33 13.33 
120 2.00 4.00 5.27 9.33 9.46 9.50 
180 2.67 6.00 6.69 9.82 10.01 9.46 
  Sample D (Ekiti)     
30 2.67 3.33 4.67 8.00 10.67 13.33 
60 3.33 5.33 8.67 10.00 12.67 14.67 
120 6.67 8.67 9.33 10.05 10.12 9.89 
180 8.00 9.09 9.86 10.00 11.33 10.37 

 
 

Table 2. Chemical composition and physical characteristics of kaolin deposits from the study locations 
Composition Content (%) 

             Ogun         Edo         Ekiti       Ondo 
SiO2  48.50 47.82 42.54 39.87 
Al2O3 32.75 31.65 29.07 30.72 
Fe2O3 4.28 2.04 2.32 1.45 
CaO 1.08 1.02 1.09 0.96 
MgO 0.49 0.33 0.54 0.45 
Na2O 0.16 0.12 - 0.17 
K2O 1.48 1.54 1.03 1.26 
LOI 9.26 12.98 13.46 15.52 
  Physical properties    
Specific gravity (g/cm3)          2.63 2.60 2.54 2.58 
Sp. Surface area (cm2/g)          9150 8970 8950 8970 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4. DTA curves of kaolin samples 

 
 

The third spectacle was between 600°C and 800°C 
and corresponds to the dehydroxylation of kaolinite to 
form Metakaolin. Conversion of metakaolin to Illite 
started between 900°C and 1,000°C, as indicated by an 

exothermic peak. Less reactive material is obtained at 
calcination below 600°C containing more residual 
kaolinite. These results slightly differ from the 450°C 
and 550°C obtained by Kenne et al. (2015) in converting 
kaolinite to metakaolin. However, it is similar to what 
was reported by Bensted and Barnes (2002) where 
recrystallisation began and reactivity declined above 
850°C, as kaolin starts its transformation to relatively 
inert ceramic materials, such as mullite, spinel and silica.  

Figures 5-8 show the XRD test results carried out to 
check the evaporation of kaolinite peaks, after thermal 
treatment. It is evident from the diffractograms that the 
constituents of the kaolin samples vary. Edo sample was 
heavy with the existence of kaolinite only. In Ogun 
sample, the crystalline phases revealed by the XRD 
indicated mainly the presence of quartz, kaolinite and 
anatase. Ekiti and Ondo have similar characteristics as 
kaolinite was predominant with the presence of illite. 
These results are slightly different from what was 
obtained by Ilic et al. (2010) where the starting kaolin 
clay contained majorly kaolinite and quartz. 
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                            Figure 5. XRD for Ogun           Figure 6. XRD Edo 

 
 
 
 
 
 
 
 
 
 
 
 
 
                            Figure 7. XRD for Ondo       Figure 8. XRD for Ekiti 
 
 

Table 3. Crystalline phases of XRD results of kaolin 
Compound Name Crystal system Formulae Reference code Sample location 
Kaolinite Anorthic Al2Si2O9H4 96-900-9235 Edo 

Kaolinite 
Illite 

Anorthic 
Monoclinic 

Al2Si2O9H4 
K2Al4Si8O24 

96-900-9235 
96-901-3733 

Ekiti 
 

Quartz 
Kaolinite 
Anatase 

Hexagonal 
Anorthic 
Tetragonal 

Si3O6 
Al2Si2O9H4 
Ti4O8 

96-901-3322 
96-900-9235 
96-900-8216 

Ogun 

Kaolinite 
Illite 

Anorthic 
Monoclinic 

Al2Si2O9H4 
K2Al4Si8O24 

96-900-9235 
96-901-3733 

Ondo 

 
 
 

The XRD diffractograms displayed the existence of 
different crystalline phases and are summarised in Table 
3. The prominent peaks at 2θ detected are 12.3856, 
21.5375, 25.3174, 38.3606, and 62.4310 for Edo; 
12.3765, 25.3043, 38.4592 for Ekiti; 12.3814, 27.0007, 
50.2894, 68.5130 for Ogun and 12.3560, 25.3143, 
38.5582 for Ondo. The peaks at 2θ = 12.3856, 12.3765, 
12.3814 and 12.3560 for Edo, Ekiti, Ogun and Ondo 
respectively gave the distinctive XRD form of kaolin.  

The results of the FTIR tests that were used to 
confirm the kaolinite presence in the samples are shown 
in Figure 9 of kaolin clay. Samples show the distinctive 
bands of kaolinite: OH− in the range of 3670-3500 cm−1; 
Al–OH vary from 914 to 912 cm−1; Si–O vary from 
1008.8 to 1183.5 cm−1 and Si–O–Al at 542.02, 542.03, 
540.09 and 531.40 cm−1 for Edo, Ogun, Ondo and Ekiti, 
respectively. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 9. FTIR of Kaolin samples 
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                         Figure 10. SEM of Edo MK at 100x                                   Figure 11. SEM of Ogun MK at 100x 
 
 
 
 
 
 
 
 
 
 
 
 
 
                       Figure 12. SEM of Ondo MK at 100x                 Figure 13. SEM of Ekiti MK at 100x 
 
 
3.4 Thermal Behaviour of Metakaolin Samples 
Figures 10-13 show the microstructure of Metakaolin 
from the two sample locations; Ogun and Ekiti at 200µm 
and accelerating voltage of 15kv. The distance between 
the microscope and the sample (machine microscope 
distance / working distance) was 15.9mm. The optimal 
temperature and heating time of 800°C/1hour was 
adopted and scanning electron microscopy examination 
(SEM) was carried out on the four samples. Within the 
metakaolin samples, more fine particles with many 
residual pores are distributed as presented in the SEM 
images. The presence of silica, an active and highly 
porous material with a large internal surface area was 
observed. The broken Kaolin during calcination exhibits 
a highly porous structure. 

The Fourier Transform Infra-Red Spectroscopy 
(FTIR) method is much less prevalent for quantifiable 
determination of clay and other minerals. Results of the 
FTIR of samples calcined at 800°C/1hour (the optimal 
temperature and time) are presented in Figure 14. 
Absence of the detectable Al–O–H bands between 914 - 
912 cm−1, and the doublet between 3,670 and 3,500 
cm−1, is evident. Absence of the band at 542.02, 542.03, 
540.09 and 531.40 cm−1 for Edo, Ogun, Ondo and Ekiti 
respectively and the appearance of a new band at 800 
cm−1 can be related to the change from octahedral 
coordination of Al3+ in kaolinite to tetrahedral 
coordination in metakaolinite. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14. FTIR for Calcined kaolin at 8000C/1hour 
 
 

The workability of the cement-metakaolin concrete 
mix as measured by the slump test is shown in the linear 
graph in Figure 15. It was observed that there was 
reduction in the concrete workability due to the presence 
of metakaolin in the mix and greater reduction occurred 
at higher replacement level. This implies that to maintain 
consistency and workability of concrete mix, additional 
water is required due to the high absorption capacity of 
metakaolin. 
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Figure 15. Linear-graph of 0.4w/c slump values 
 
 
3.6 Compressive Strength on the Cement-Metakaolin 

Concrete 
For all mixes, compressive strength increased with 
decreasing water-cement ratio, as expected. In prescribed 
mixes, the compressive strength of control specimen 
compared with various percentages of Metakaolin shows 
that the 28- day strengths varied between 19.5 and 32.6 
N/mm2 for mix ratio 1:1.5:3 and between 17.5 and 30.2 
N/mm2  for mix ratio 1:2:4 at different water-cement 
ratios. Furthermore, the 90- day strengths varied between 
21.6 and 34.7 N/mm2 for mix ratio 1:1.5:3 and between 
18.2 and 32.0 N/mm2 for mix ratio 1:2:4 at different 
water-cement ratios. The designed mix of 1:1.1:2.6, 
however, gave the best results with compressive 
strengths higher than what was obtained in prescribed 
mixes at all ages.  

Based on the results, it is observed in Figure 16 that 
the Metakaolin admixed mixes attain the highest 
compressive strength values at 15% replacement due to 
the presence of higher proportion of calcium silicate 
hydrates (CSH), a strength-enhancer. However, at 
replacement level of 25%, the compressive strength of 
the cubes was lower than the control at all test ages. 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 16. Compressive strength at 0.4 w/c 

 
 

Furthermore, 15% MK-concretes gained strength 
most rapidly. It exhibited approximately 85.2, 93.6 and 
57.2% increase over 7-day control strength by 28-day for 
1:1.5:3, 1:2:4 and 1:1.1:2.6 mix ratios, respectively (see 
Figure 17). The designed mix gave higher compressive 
strength when compared with the prescribed mixes. This 

shows that this designed mix is preferable and can be 
used to achieve higher compressive strength. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17. Rate of compressive strength development, shown as a 

percentage increase over 7-day control strengths for 0.4w/c 
 
 
3.7 Flexural Strength of Unreinforced Beams 
It is observed from the results that Metakaolin 
incorporation generally increases flexural strength. As 
the curing age increases, flexural strength increases (see 
Figure 18).  At 90 days, Metakaolin concrete beam 
gained 69.1% of the 28-day control strength. These 
results agree with those of Dubey and Banthia (1998) 
and Qian et al. (2001), where modulus of rupture 
increase when MK was used as partial replacement for 
cement. Thus, increase in flexural strength in MK-
concretes may be related to refinements in pore structure 
and denser, thinner interfacial transition zones, which 
means proportionally less of weaker phase. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 18. Average peak flexural strength (modulus of rupture) 
versus curing age 

  
4. Conclusions 
Metakaolin, a pozzolanic additive, may be obtained by 
calcination of kaolin clay. From the thermal analysis, the 
optimal conditions of the thermal treatment are; 
calcination temperature of 800°C and holding time of 60 
minutes. It should be noted that the geological space 
where test sample is obtained could alter these conditions 
and the constituents of the deposit. The presence of other 
compounds like quartz, Illite and anatase in some kaolin 
samples does not affect their properties. However, 
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anatase, a titanium oxide compound present in Ogun 
kaolin sample can cause mild irritation to the nose and 
throat if inhaled and can also cause irritation to the eyes 
and skin when contacted while ingestion is not harmful. 

Metakaolin helps to reduce the workability of 
concrete especially at higher replacement levels. This 
implies that the water absorption capacity of metakaolin 
is high and additional water is required to maintain 
consistency and workability of concrete mix. This could 
be attributed to the larger surface area of metakaolin. 
Metakaolin admixed mixes attained higher compressive 
strength values than the control mix up to 20% 
Metakaolin replacement. However, at replacement level 
of 25%, the compressive strength of the cubes was lower 
than the control at all test ages. This is attributed to the 
“dilution effect”.  Besides, 15% replacement percentage 
had higher ultimate strength than ordinary portland 
cement concrete because of the presence of a strength-
enhancer, calcium silicate hydrates. 
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Abstract: Cardiovascular diseases are the most common causes of deaths globally. Continuous and regular 
monitoring of vital signs is necessary for patients suffering from cardiovascular diseases especially in low and middle 
income countries (LMIC), with limited facilities for diagnosis and monitoring of the cardiovascular system. In this 
paper, a low cost, non-invasive cardiovascular monitoring system was developed.  The system was powered by a 12V 
battery and consists of a pulse rate sensor for recording pulse rate, heart monitor sensor for recording 
electrocardiogram, Arduino board (ATMega 2560), potentiometer, jumper connecting wires, 16×2 liquid crystal 
display monitor. The design includes modulation and demodulation sections that record signals from the measurand 
and transmit them to the doctor.  The device was initially tested on ten subjects. Periodic heart beat was observed with 
mean ± standard deviation pulse rates obtained as 75.82 ± 1.09 BPM (beats per minute). Further comparison between 
the device and a standard blood pressure monitor on forty-five volunteers revealed a mean pulse rate of 76.44 ± 10.04 
BPM and 77.84 ± 10.65 BPM for the proposed and standard device, respectively. The Wilcoxon-signed rank test 
results performed in SPSS gave a p-value of 0.118, showing that there was no statistically significant difference 
between the pulse rates observed in both devices. Standard Electrocardiograph (ECG) waveform for healthy subjects 
was obtained when the device was tested on healthy patients. Based on the test results, the device was shown to be 
effective for real-time monitoring of the cardiovascular system. 

Keywords:  Cardiovascular monitoring system, electrocardiogram, pulse rate, vital signs 
 
1. Introduction  
Several diseases such as hypertension, myocardial 
infarction, atherosclerosis, arrhythmias and valvular 
heart disease, coagulopathies and stroke, are collectively 
referred to as cardiovascular diseases (CVDs) (Buttar et 
al., 2005). They are the most common causes of untimely 
deaths globally. According to the World Health 
Organisation (WHO), 17.9 million people die every year 
which constitutes 31% of all global deaths. Low and 
medium income countries (LMIC) account for over three 
quarters of deaths from CVDs (WHO, 2018). The 
prevalence and incidence of non-communicable diseases 
in LMIC is on the increase (Unwin, 2001; Vorster, 
2002). Generally, CVDs are attributed to several risk 
factors such as age, sex, family history, tobacco 
smoking, physical activity, being overweight, diet, high 
blood pressure and diabetes (Heart and Stroke 
Foundation, 2018). Early diagnosis and regular 
monitoring are important and could minimise or delay 
deaths resulting from CVDs. Vital signs such as heart 
rate, blood pressure, blood oxygen saturation, body 
temperature and respiratory rate are often checked to 
determine the health conditions of a person especially if 
the patient is in danger (Dias and Cunha, 2018). 

Therefore, Electrocardiography is a vital tool for the 
prediction and diagnosis of CVDs (Xu et al., 2008). 

Electrocardiograph (ECG) monitor is a non-invasive 
device that records the electrical activity of the heart 
muscle and displays it as an electrocardiogram 
(Goldberger, 2017). It provides indirect evidence of 
blood flow to the heart muscle and also evaluates 
arrhythmias and ischemic heart diseases (Raja, 2013; 
Ramya, 2013). ECG picks-up signals from the 
electrodes, processes and transmits them as FM signal at 
frequency ranging between 88 MHz and 108 MHz. The 
ECG signals are transmitted and received with low-
power circuit of ≤ 10 mA. When the positions of ECG 
electrode (i.e., lead I, II, and III) on the body are 
changed, new ECG signals are recorded. ECG electrodes 
give the real-time ECG signal from the human body 
(Raja, 2013). In addition to the ECG, it is necessary to 
monitor other vital signs that affect the cardiovascular 
system such as the blood pressure and pulse rate. The 
pulse rate, also known as heart rate is the number of 
times the heart beats per minute which usually varies 
from one person to the order. It is a continuous time 
varying signal, with its variation providing indicators of 
current disease or warnings about imminent cardiac 
diseases (Acharya et al., 2004).  
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For a healthy adult, the heart rate is usually between 
60-100 beats per minute (BPM). Resting heart rate is 
known to indicate the condition of the autonomic 
nervous systems as elevation in heart rate has been 
linked to increased risk of CVDs (Perret-Guillaume et 
al., 2009; Jouven et al., 2011). Heart rate variability 
(HRV), the variation over time of the interval between 
consecutive heartbeats often occurs even in healthy 
individuals (Achariya et al., 2006). A significant 
association between resting heart rate and mortality has 
also been suggested (Palatini and Julius, 2004). All-
cause mortality and sudden and non-sudden death from 
acute myocardial infarction each increased gradually 
with elevated resting heart rate (Fox et al., 2007). 
Regular monitoring of the heart rate is necessary to 
prevent unexpected outcomes. 

Hospitals can monitor outpatients at risk of 
unpredictable health conditions such as seizures, cardiac 
arrest, stroke and heart attack. There is an increased need 
in healthcare delivery to adopt proactive rather than 
reactive methods in early diagnosis, prevention, and 
long-term management of various health conditions 
(Anitha et al., 2017). The use of information and 
communications technology (ICT) combined with 
medical and engineering technologies enable healthcare 
researchers to enhance patient monitoring at home, 
outdoors and hospitals (Pandian et al., 2008).  Texas 
Researchers showed that it is possible to transmit signals 
through wireless technology from 12-lead ECGs to hand-
held computers (Pettis et al., 1999). 
 
2. Literature Review 
The ECG signal describes the electrical activity of the 
heart over time. It is recorded non-invasively with 
electrodes attached at the surface of the body. 
Traditionally, physicians use the ECG to gain insight on 
heart conditions, usually with complementary tests 
required in order to finalise a diagnosis. 

Measurement of ECG is often based on Einthoven’s 
law which states that If Electrocardiograms are taken 
simultaneously with the three limb leads, at any given 
instant, the potential in lead II, is equal to the sum of the 
potentials in leads I and III. It can otherwise be 
mathematically stated as: 

II = I + III      (1) 
Various devices have been previously designed to 

monitor the cardiovascular system. A heart rate 
monitoring system was developed using an embedded 
system based on a microcontroller for real-time analysis 
of ECG signals (Fezari et al., 2008). In 2008, a 
biotelemetry system for measuring heart rate and blood 
pressure from the human body was developed by 
Mohamed and Mounir (2008). A device capable of 
monitoring human temperature and pulse and showing 
abnormalities through SMS was developed by Selvarani 
(2011). Remote monitoring was achieved using Zig-Bee 
module which was incorporated to the device to transmit 

the heart beat and temperature through the programmed 
microcontroller to the computer. The computer collects 
the signals and sends them to SMS number through 
GSM modern (Selvarani, 2011). 

Patient monitoring system was produced by Tagad 
and Matte (2013), which transmits the patient’s 
information to the central receiving and remote 
communication unit via Zigbee. The information is then 
transmitted through the internet to the remote sensing 
unit where the information of the patient is stored in the 
database. The entire patient’s information is passed into 
the database where the doctor can access the patient 
information from the computer. Anitha et al., (2017) 
designed a smart surveillance system to continuously 
measure and display the patient’s ECG and temperature 
and send the results to the doctor’s android phone. The 
device measures ECG by means of an infrared sensor 
and the temperatures measured using temperature 
sensors placed at the mouth and wrist of the patient. The 
microcontroller then reads the data from the sensors, 
displays the results and communicates it to the web 
server automatically.  

Sopic et al., (2018) developed a real-time event-
driven classification technique for early detection and 
prevention of myocardial infarction on wearable systems 
using a hierarchical classifier. By analysing the 
computational complexity and energy efficiency of the 
developed classifier, it was found that the scheme 
reduced energy efficiency by 2.6. Forooghifar et al. 
(2018) proposed self-aware wearable systems capable of 
monitoring their own performance in epileptic seizure 
detection as an approach to reduce energy consumption 
of wearable systems. A toilet seat-based cardiovascular 
monitoring system was proposed by Conn et al. (2019). 
The cardiovascular system was capable of hospital grade 
measurement of blood pressure, stroke volume and 
peripheral blood oxygenation. Conn et al., (2019)  
compared the toilet seat-based estimates of blood 
pressure and peripheral blood oxygenation to a hospital-
grade vital signs monitor for 18 subjects over an 8-week 
period. The stroke volume was validated on 38 
normative subjects and 111 subjects undergoing a 
standard echocardiogram at a hospital clinic for any 
underlying condition, including heart failure. 

In LMIC, the incidence of cardiovascular diseases is 
on the increase (Gaziano et al., 2010). Hence, there is 
need to develop an inexpensive device which is 
affordable to a large segment of the population. The 
conventional electrocardiogram is bulky, expensive and 
prone to mechanical failure. This research focuses on the 
development of a portable inexpensive and simple 
cardiovascular monitoring system for hospitals capable 
of real-time monitoring of the ECG and heart rate of 
their patients with heart diseases. Primary care centers in 
most rural areas in LMIC need a simple battery powered 
device for monitoring the heart since poor infrastructure 
and limited or non-available electricity supply is a major 
problem in those communities. 
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3. Materials and Methods 
3.1 Materials 
The major materials used in the design and construction 
of the device include a pulse rate sensor, a heart monitor 
sensor, an Arduino Mega 2560 board, a potentiometer, 
jumper and connecting wires, USB cable, 16 × 2 Liquid 
Crystal Display (LCD) Module. The system monitors a 
patient’s cardiovascular system, using different sensors 
connected to Arduino Mega 2560 board. 
 
3.1.1 Pulse Sensor 
Pulse rate sensor is an open-source and plug-and-play 
heart-rate sensor for Arduino that measures human heart 
rate (beats per minute).  A velcro tape is used to position 
the LED (light-emitting diode) on human finger to avoid 
noise from the surroundings. The pulse rate sensor pins 
were connected to the microcontroller Arduino board as 
follows, the ‘yellow’ terminal is connected to analogue 
input pin of the arduino, ‘orange’ is connected to 5V, 
while ‘red’ is connected to ground (earth). After 
programming and uploading, the sensor passed when it 
was placed on human finger. 
 
3.1.2 Heart Monitor (AD8232) 
AD8232 Heart monitor is a one lead ECG sensor used 
for ECG heart rate monitoring. The AD8232 single lead 
heart rate monitor acts as an operational amplifier to help 
obtain a clear signal from the PR and QT intervals. Some 
of the advantages of this board include its ability to 
detect, amplify and filter small Bio-potential signals 
(Sparkfun, 2018).  
 
2.1.3 Arduino MEGA 2560 
Arduino Mega 2560 is a microcontroller board that is 
based on ATmega2560. The Arduino board reads the 
value of the sensors and sends the processed information 
to the LCD monitor and PC Serial Monitor. It has 54 
digital input/output pins, comprising 15 pins for PWM 
outputs, 16 pins for analog inputs, 16 pins for crystal 
oscillator. It can sense the environment by receiving 
input from a variety of sensors and can affect its 
surroundings by controlling lights, motors, and other 
actuators. The ATmega2560 provides four hardware 
UARTs for Transistor-Transistor Logic, TTL (5V) serial 
communication, it also supports i2C (TWI) and SPI 
(Serial Peripheral Interface) communication (Arduino, 
2019).  
 
2.1.4 Potentiometer 
Potentiometer produces variable resistance used to 
control the amount of current that enters the LCD. It is 
made of a simple knob that can read into the Arduino 
board as an analog value. In this device, it controls the 

16×2 LCD which displays BPM values from pulse rate 
sensor.  
 
2.1.5 Liquid Crystal Display Module 
The 16×2 LCD displays the pulse rate. It is a form of 
visual indicator that displays 16 characters in each row 
and there are two rows in 5×7-pixel matrix. It can 
display any character with ASCII values ranging from 0 
to 255. There are two registers in this LCD module; 
command and data. The command register stores the 
command instructions given to the LCD to perform a 
predefined task (like initialising it, clearing its screen, 
setting the cursor position, and controlling display, etc.). 
The data register stores the data to be displayed on the 
LCD. The data is the ASCII (American Standard Code 
for Information Interchange) value of the character to be 
displayed on the LCD.  
 
3.2 Device Implementation 
The functional block diagram of the device is shown in 
Figure 1. The device was powered by a 12V battery. 
AD8232 heart monitor, comprising ECG electrodes 
sensor placed on the patient’s body as indicated in Figure 
2, detects the electrical activity of the heart and transmits 
the signal to the Arduino board. Similarly, an Arduino 
compatible pulse rate sensor detects the pulse rate and 
transmits it to the Arduino board.  
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Functional Block Diagram of the Device 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 2.  The placement of AD8232 ECG Sensor on human body 
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Table 1. Bill of Quantities 
Description Unit Cost ($) Quantity 

 
Total Cost (US$) 

 AD8232 ECG/Heart Rate Monitor  15.65 1 15.65 
Arduino Mega 2560 22.00 1 22.00 
Pulse Rate Sensor-Arduino Compatible 11.10 1 11.10 
Breadboard 1.38 1 1.38 
Potentiometer 0.50 1 0.50 
PVC Pipe Junction Box 2.70 1 2.70 
Jumper (connecting wire) 12.10 1 pack 12.10 
I2C LCD Module + 16x2 LCD 7.12 1 7.12 
Total   72.55 

 
 

The Arduino microcontroller board receives the 
input signals from both sensors, first converts the 
analogue signals to digital through its inbuilt analogue to 
digital converter, and performs signal filtering to 
eliminate noise and amplification (Jeon et al., 2013). It 
then interprets and transmits the signal to the LCD and 
PC monitors which display the results. For the ECG, the 
results are displayed in a waveform, while the pulse rate 
only shows the numerical value in BPM. A 
potentiometer which is connected to the 16×2 LCD 
provides variable resistance by controlling the amount of 
current that enters the LCD.  

The total cost for producing the prototype was 
US$72.55 as shown in the bill of quantities in Table 1. 
This makes it cheaper than equivalent products in the 
market sold at an average of US$300. 
 
4. Results and Discussion 
A cardiovascular monitoring system to monitor the 
electrical activity of the heart and the heart rate was 
developed in this study as shown in Figure 3. The device 
was developed with a low power 12V dc supply which is 
associated with minimal or insignificant risk to the user. 

 
 
 
 
 
 
 
 
 
 
 

Figure 3. Cardiovascular Remote Monitoring System 

 
The device was tested on forty five subjects with the 

results for each test displayed on the LCD screen of the 
device and Arduino 1.8.9 IDE Serial plotter. Graphical 
results of the heart ECG and pulse rates obtained are 
shown in Figures 4 and 5. 

The horizontal axis of the ECG represents time and 
the vertical axis represents the amplitude of the voltage. 
The time scale is 25 mm which is equal to 1 second (or 
1mm = 0.04 seconds on the graph). Amplitude units are 

millivolts (mV) and 1 mV on the graph equal to 10mm 
high (Israel et al., 2005). 

 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 4. Heart ECG (Serial plotted)  
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Pulse Rate (BPM) Serial plotted graph 
 

 
The results reveal that the heartbeat is periodic. If 

the heart rate is 60 BPM or 1 beat per second, the period 
is 1 second or 1,000 milliseconds. Choosing R-wave 
from QRS complex, it was observed that R-wave is 
25mV high for the total of 40ms and R-wave can be 
modeled by using polynomial and units of time in 
milliseconds. ECG signal determines the number of heart 
beats per minute. The principal features of an ECG 
signal shown by letters P, Q, R, S, and T in a normal 
hearts waveform start with P-wave, then QRS complex 
to T-wave. P-Wave is initiated by depolarisation of the 
atrial muscles which is related to their contraction. The 
QRS-wave complex generated by depolarisation of the 
ventricles is connected to their contraction. T-wave is as 
a result of currents flow during the repolarisation of the 
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ventricles. A normal cardiac cycle of an individual at rest 
with all waveforms spans 0.8 seconds (Ackora-Prah et 
al., 2013).  

To determine heart rate variability, the device was 
tested on one of the researchers for seventeen times with 
the mean, median and mode obtained as 71.06 ± 0.899, 
71.00 and 71.00 BPM, respectively. Heart rate variability 
was normal. It is within the range of a healthy adult at 
rest using a standard heart beat monitor (Nanchen et al., 
2013). Figure 6 shows the variability in pulse rate.  

 
 
 
 
 
 
 
 

Figure 6. Variability in Pulse rate (BPM) 
 

 
Pulse rate of forty-five (45) volunteers who 

willingly participated in the research from the Nigerian 
Institute of Medical Research (NIMR), Lagos and the 
Yaba College of Technology were examined using this 
device and a standard blood pressure monitor, MAS200 
BPM. Results are as shown in Tables 2 and 3, and 
Figures 7 and 8. 

 
 

Table 2. Descriptive Statistical Values for Pulse Rates (BPM) 
using this device 

 Age Pulse Rate 
Mean 25.82 76.44 
Std. Error of Mean 1.09 1.50 
Median 24.00 78.00 
Std. Deviation 7.29 10.04 
Minimum 17.00 56.00 
Maximum 48.00 97.00 
Percentiles:       25 21.00 69.00 
                           50 24.00 78.00 
                           75 29.00 84.00 
Sample Size = 45           

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 7. Histogram of Pulse Rate (BPM) using this device 

Table 3. Descriptive Statistical Values for Pulse Rates (BPM) 
using MAS200 Blood Pressure 

 Age Pulse Rate 
Mean 26.82 77.84 
Std. Error of Mean 1.09 1.588 
Std. Deviation 7.29 10.654 
Minimum 17.00 56.00 
Maximum 48.00 100.00 
Sample Size = 45           

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8. Histogram of Pulse Rate (BPM) using MAS200 
 

 
However, a p-value of 0.114 at 95% confidence 

interval showed that there are no statistically significant 
differences between the heart rate measurements from 
both devices. The device could be very useful for 
monitoring heart rates both at home and in the hospital 
since the patient is exposed to only minimal risk. If this 
device is commercialised and made readily available to 
patients especially in rural areas and clinics it has the 
potential to enhance the monitoring of the cardiovascular 
system and minimise the incidence of complications 
from cardiovascular diseases.  

 
5. Conclusion  
A cardiovascular monitoring system was developed in 
this study. The proposed device was tested on various 
subjects. It is very affordable and shown to be effective 
in monitoring the heart rate and electrical activity of the 
heart. It could be useful in a resource poor setting with 
limited diagnostic medical devices. The device is non-
invasive and allows patients to maintain independence, 
prevent complications, and minimise healthcare costs. 
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Supply chains are critical links that connect an organisation’s inputs to its outputs. Supply chain management is the major 
paradigm shift of today’s business. Traditional challenges have included lowering costs, ensuring just-in-time delivery, and 
shrinking transportation times to allow better reaction to business challenges. However, the increasing environmental costs of 
these networks and growing consumer pressure for eco-friendly products has led many organisations to look at supply chain 
sustainability as a new measure of profitable operations. There is no exception to island nations in the Caribbean and other 
regions of the globe. These island nations are striving for sustainable balanced growth and high-quality services. Their overall 
functionality and attractiveness would rely significantly upon sustainable supply chain design, operations and procurement, 
based on collective capabilities for efficient use of their resources. The book could be used to fill up the existing gaps between 
the classical textbook knowledge and the contemporary concepts /practices in SCM, and provide cases and examples of best 
sustainable supply chain design and operations for island nations. 

This call invites contributions in terms of book chapters, cases and articles. Contributions may deal with, but are not 
limited to:   
 

  
 
 
 
 
 
 
 
 

 
 
 
Abstract/Paper Submissions and Schedule 
Submissions:  
Prospective authors are requested to submit an abstract (not more than 500 words), summarising the 1) purposes, 2) 
method/methodology, 3) results/findings, 4) practical implications, 5) limitation, and 6) originality. Initially, 10 chapters will be 
selected on the basis of merit and the authors of selected abstract will be informed for developing full chapter. All contributions 
should: 
• Depart from a discussion of, and a research problem based in, relevant theories.  
• Have a clear empirical basis (survey, case studies, action research, experiments).  
• Present an academically rigorous contribution to the development of the theory and practices in supply chain management, 

social science and associated disciplines.. 
Contributions submitted will be subject to a minimum double-blind peer review process. As a guide, chapters, cases and/or 
articles should be between 5,000 and 6,000 words in length. A title of not more than twelve words should be provided. Besides, 
there should be a separate title page giving the names and addresses of the contributors. 

Important Dates:  
• Submission of Abstract (via email):   2nd August 2019 
• Notification/Acceptance of Abstracts:            1st September 2019 
• Submission of Full Papers/Cases:   1st December 2019 
• Completion of Double-blind Review :   29th February 2020 
• Submission of final version:    31st March 2020 
• Book published     30th September 2020 

For Enquiries and Information: 
1. Professor Kit Fai PUN; Faculty of Engineering, UWI, St Augustine, Trinidad and Tobago, Email: KitFai.Pun@uwi.edu.edu  
2. Professor Prasanta Kumar DEY; Aston University, Birmingham, UK, Email: p.k.dey@aston.ac.uk 

• Benefits and challenges of sustainable procurement 
• Building supplier capabilities for sustainable supply chain 

operations 
• Business process reengineering in designing sustainable 

supply chains 
• Centralised versus decentralised inventory management 

system for sustainable operations 
• Circular economy adoption  
• Driving change through cross-functional collaboration  
• Economic decision analysis in sustainable supply chains 
• Effect of lean management practices on sustainability  
• Embedding sustainability into procurement practice 
• e-procurement and linking procurement processes with 

technology: Does it affect sustainability? 
• Impact of corporate social responsibility on sustainability  
• Improving supply chain transparency for achieving 

sustainability: Cases and lessons  
• Integrative interdisciplinary solutions in sustainable 

supply chains 
• Linking corporate planning with supply chain operations  
 

• Measure and improve sustainable procurement with ISO 
20400:2017 

• Measuring supplier performance for greater supply chain 
sustainability: Cases and Lessons 

• Operations research and optimisation techniques for 
analysing supply chain sustainability 

• Organisational behaviour and transformation initiatives for 
sustainability 

• Product-based versus supplier-based approaches for 
sustainability 

• Responsible supply chain management 
• Supplier engagement and partnership  
• Supply chain and logistics network in island nations 
• Supply chain sustainability risk analysis and management 
• Sustainability and sustainable developments in small island 

nations  
• Sustainability oriented innovation across the supply chain  
• Sustainable/green procurement policy and development 
• Sustainable/green sourcing in public versus private sectors 
• Three tiers of supply-chain sustainability 
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receipt of payment.  
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Copyright: 
Articles submitted to The West Indian Journal of Engineering, WIJE (ISSN 

0511-5728) should be original contributions and should not be under 

consideration for any other publication at the same time. Authors 

submitting articles for publication warrant that the work is not an 

infringement of any existing copyright and will indemnify the publisher 

against any breach of such warranty. For ease of dissemination and to 

ensure proper policing of use, papers and contributions become the legal 

copyright of the publisher unless otherwise agreed. Submissions should be 

sent to: 
 

The Editor-in-Chief: 
Professor Kit Fai Pun, c/o WIJE, Faculty of Engineering, The University of the 

West Indies, St Augustine, Trinidad and Tobago, West Indies. Tel: 1-868-662-

2002 exts-82069/83459; Fax: 1-868-662-4414; E-mails: KitFai.Pun@sta.uwi.edu; 

uwije@sta.uwi.edu 

 

Editorial Aim and Policy: 
The WIJE is an international journal which has a focus on the Caribbean 

region. Since its inception in 1967, it is published twice yearly by the Faculty 

of Engineering at The University of the West Indies and the Council of 

Caribbean Engineering Organisations in Trinidad and Tobago. 

WIJE aims at contributing to the development of viable engineering 

skills, techniques, management practices and strategies relating to 

improving the performance of enterprises, community, and the quality of 

life of human beings at large. 

Apart from its international focus, WIJE also addresses itself specifically 

to the Caribbean development by identifying and supporting emerging 

research areas and promoting various engineering disciplines and their 

applications in the region.  

WIJE welcomes the submission of papers in various engineering 

disciplines and related areas. Emphasis is placed on the publication of 

articles which seek to link theory with application or critically analyse real 

situations with the objective of identifying good practice cross different 

engineering and related disciplines. 

Articles may be of a theoretical nature, be based on practical 

experience, report a case study situation or report experimental results. The 

prime requirement for acceptance of an article will not be its form but 

rather that it: 

(1) makes a significant original contribution to the field of engineering 

and the advancement of engineering practices; 

(2) is directly relevant to engineering, engineering management and 

technology, and related areas; 

(3) contains elements which have general application; 

(4) is within the scope of the journal; and 

(5) has generally not been published previously except in very limited 

circulation. 

 

The reviewing process: 
Each paper is to be reviewed by the Editor-in-Chief and, if it is judged 

suitable for this publication, it is then sent to two referees for double-blind 

peer-review. Based on their recommendations, the Editor-in-Chief then 

decides whether the paper should be accepted as is, revised or rejected. 

 

Manuscript requirements: 
Full manuscript should be submitted in double line spacing with wide 

margins. The names of author(s) and their details-- brief autobiographical 

note, affiliation, e-mail address and full international contact details must 

appear on a sheet separate from the article. The author(s) should not be 

identified anywhere else in the article. To facilitate the reviewing processes, 

submissions via e-mail are advisable.   

As a guide, technical/research papers should be between 3,000 and 

6,000 words in length. Shorter articles (Communications, Discussions, Book 

Reviews, etc.) should be between 500 and 2,000 words. Please provide the 

word count on the first page of your paper. A title of not more than eight 

words should be provided.  

Authors must supply a structured abstract. Maximum is 250 words in 

total. In addition provide up to six keywords which encapsulate the 

principal topics of the paper and categorise your paper. Headings must be 

short, clearly defined and not numbered. Notes or Endnotes should be 

used only if absolutely necessary and must be identified in the text by 

consecutive numbers, enclosed in square brackets and listed at the end of 

the article. 

All Figures (charts, diagrams and line drawings) and Plates 

(photographic images) should be submitted in both electronic form and 

hard-copy originals. Figures should be of clear quality, in black and white 

and numbered consecutively with Arabic numerals. 

Figures created in MS Word, MS PowerPoint, MS Excel, Illustrator and 

Freehand should be saved in their native formats. 

Electronic figures created in other applications should be copied from 

the origination software and pasted into a blank MS Word document or 

saved and imported into an MS Word document by choosing "Insert" from 

the menu bar, "Picture" from the drop-down menu and selecting "From 

File..." to select the graphic to be imported. 

For figures which cannot be supplied in MS Word, acceptable 

standard image formats are: pdf, ai, wmf and eps. If you are unable to 

supply graphics in these formats then please ensure they are tif, jpeg, or 

bmp at a resolution of at least 300dpi and at least 10cm wide. 

To prepare screen shots, simultaneously press the "Alt" and "Print 

screen" keys on the keyboard, open a blank Microsoft Word document 

and simultaneously press "Ctrl" and "V" to paste the image. (Capture all the 

contents/windows on the computer screen to paste into MS Word, by 

simultaneously pressing "Ctrl" and "Print screen".) 

For photographic images (plates) good quality original photographs 

should be submitted. If supplied electronically they should be saved as tif 

or jpeg riles at a resolution of at least 3oodpi and at least 10cm wide. 

Digital camera settings should be set at the highest resolution/quality 

possible. 

In the text of the paper the preferred position of all tables, figures and 

plates should be indicated by typing on a separate line the words "Take in 

Figure (No.)" or "Take in Plate (No.)". Tables should be typed and included 

as part of the manuscript. They should not be submitted as graphic 

elements. Supply succinct and clear captions for all tables, figures and 

plates. Ensure that tables and figures are complete with necessary 

superscripts shown, both next to the relevant items and with the 

corresponding explanations or levels of significance shown as footnotes in 

the tables and figures. 

References to other publications must be in Harvard style and 

carefully checked for completeness, accuracy and consistency. This is very 

important in an electronic environment because it enables your readers to 

exploit the Reference Linking facility on the database and link back to the 

works you have cited through CrossRef. You should include all author 

names and initials and give any journal title in full. 

You should cite publications in the text: (Adams, 2008) using the first 

named author's name or (Adams and Brown, 2008) citing both names of 

two, or (Adams et al., 2008), when there are three or more authors. At the 

end of the paper, a reference list in alphabetical order should be supplied: 

• For books: Surname, initials, (year), title of book, publisher, place of 

publication, e.g., Walesh, S. G. (2012), Engineering Your Future: The 

Professional Practice of Engineering, 3rd Edition, ASCE Press/John Wiley 

& Sons, New Jersey, NJ. 

• For book chapters: Surname, initials, (year), "chapter title", editor's 

surname, initials, title of book, publisher, place of publication, pages, 

e.g., Liebowitz, J. (2005), "Conceptualising and implementing 

knowledge management", in Love, P. E. D., Fong, P. S. W. and Irani, Z., 

(ed.), Management of Knowledge in Project Environments, Elsevier, 

New York, NY, pp. 1-18 

• For journals: Surname, initials, (year), "title of article", journal name, 

volume, number, pages, e.g. Tsang, A. H. C. (2012), “A review on trend 

tests for failure data analysis", West Indian Journal of Engineering, Vol. 

35, No.1, July, pp.4-9. 

• For electronic sources: Surname, initials, or institution, (year), name of 

website, website address, date updated (if any) or date visited, e.g., 

EFQM (2012), European Foundation for Quality Management, available 

at: http://www.EFQM.org/ (Dated: 1 January 2012) 

 

Final submission of the article: 
Once accepted for publication, the Editor may request the final version as 

an attached file to an e-mail or to be supplied on a diskette or a CD-ROM 

labelled with author name(s); title of article; journal title; file name. 

The manuscript will be considered to be the definitive version of the 

article. The author must ensure that it is complete, grammatically correct 

and without spelling or typographical errors. 

The preferred file format is Word. Another acceptable format for 

technical/mathematics content is Rich text format. 
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