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Research Paper 
 

Comparison of Concrete Strengthened with Carbon Fibre-Reinforced Polymer (CFRP) 

and Carbon Textile-Reinforced Mortar (CTRM) 
 

Wang X, Lin X, and Xu S. 
 

J. Civil Eng. Urban., 14(3s): 102-106, 2024; pii:S225204302400008-14 
 
DOI: https://dx.doi.org/10.54203/jceu.2024.8 
 
Abstract  
Applying new composite material for strengthening and repairing existing 
structures is an important research topic. Carbon Fiber Reinforced 
Polymer/Plastics (CFRP) and Carbon Textile Reinforced Mortar (CTRM) 
are two common structural external reinforcement materials. 18 
concrete specimens strengthened with CFRP and CTRM are prepared in 
this study. The quasi-static single-sided shear tests combined with the 
Digital Image Correlation (DIC) method is applied. The results show that 
the interface bonding strength of CFRP strengthening (0.76-0.96 MPa) is 
65.0% to 74.8% higher than the CTRM-concrete interface (0.43-0.63 MPa). The ductility and energy dissipation capacity 
of CTRM strengthening is better than that of CFRP strengthening, and the effective bonding length is 125 to 300 mm. In 
practical work, CFRP is preferred for improving the strength of concrete components, while CTRM is preferred for 
improving ductility and seismic resistance.  
Keywords: Carbon fibre-reinforced composites (CFRP); Carbon textile-reinforced mortar (CTRM); Digital image 

correlation method (DIC); Single-sided shear test  
[Full text-PDF] [Crossref Metadata] [Export from ePrints] 

 
Research Paper 
 

Effects of Blended Portland-Fly Ash Cement on Compressive Strength of Seawater 

Mixed and Cured Lateritic Concrete 
 

Alabi SA, Arum C, Akande AR, Mahachi J, and Afolayan JO.  
 

J. Civil Eng. Urban., 14(3s): 107-112, 2024; 

pii:S225204302400009-14 

 

DOI: https://dx.doi.org/10.54203/jceu.2024.9 
 
Abstract  
The use of cement in the construction industry is accompanied by the 
release of greenhouse gases (GHGs) into the ecosystem, and freshwater 
usage is on the rise globally, putting the world in a potential freshwater 
scarcity. This study investigated the effects of blended Portland-fly ash 
cement on the compressive strength of seawater-mixed and cured 
lateritic concrete by partially replacing the concrete materials: cement with fly ash at 0%, 5%, 10%, 15%, and 25%; fine 
aggregate, with laterite at 0%, 10%, 20%, and 30%. A concrete mix ratio of 1:1.5:3 was used in the production of 
concrete cubes with an expected target compressive strength of 20 N/mm2. The compressive strength of the cubes was 
measured at 7, 28, and 56 days using standard testing procedures. Cubes cast with and cured in seawater (SW-SW) had 
strength values relatively higher than those cast with and cured in freshwater (FW-FW) at 28 days of curing. At 28 days, 
SW-SW cubes gave 22.44 N/mm2 while FW-FW cubes gave 21.80 N/mm2 as the highest strength values at 10% Lat and 
10% FA. However, the FW-FW cubes had strength values higher than those of seawater mixed and cured concrete (SW-
SW) at 56 days. FW-FW cubes gave 26.82 N/mm2 while SW-SW cubes gave 26.34 N/mm2 as their highest strength 
values at 10% Lat and 10% FA. Generally, an increase in fly ash and laterite content significantly reduces the 
compressive strength of concrete. Overall, seawater is recommended for curing and mixing, especially in non-reinforcing 
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concrete. 10% fly ash and 10% laterite are also recommended for use in blended Portland cement-fly ash concrete as 
they give the highest strength values. 
Keywords: Concrete, Fly Ash, Laterite, Seawater, Compressive strength  
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Research Paper 
 

Statistical Evaluation of the Geometric Properties Steel Bars for Reinforced Concrete in 

Botswana 
 

Adewuyi AP, and Eric GB. 
 

J. Civil Eng. Urban., 14(3s): 113-122, 2024; pii:S225204302400010-14 
 

DOI: https://dx.doi.org/10.54203/jceu.2024.10 
 

Abstract  
Uncertainties in construction materials, especially steel reinforcing bars, 
have multiplying adverse impacts on the integrity and reliability of 
constructed facilities from construction to service life stages. Botswana 
depends on importation of rebars to meet the ever-increasing demands 
for buildings and reinforced concrete civil infrastructure. The study 
assessed the mass and geometric properties of the two most utilized 
steel reinforcing bars, designated as M1 and M2, in Botswana. With the 
aid of digital analytical balance and Vernier calipers, measurements of 
mass per unit length and the relative rib area (RRA), which depends on 
nominal diameter, rib height, rib spacing, and longitudinal rib or gap 
thickness were made from 3000 standard bars each of nominal sizes from 8 mm to 25 mm randomly sampled at the 
suppliers’ depots/warehouses and various construction sites in Gaborone and Francistown. The RRA is a measure of the 
surface geometry for interfacial bonding between steel reinforcing bar and the surrounding concrete. The geometric 
properties of each steel bar type of the nominal sizes were characterized in terms of the statistical parameters and 
compared for compliance with standard specifications such as CS2 (2012), ISO 15630, ACI A408. The actual mass and 
diameter of bars were within the tolerance of ± 1% of the respective nominal size which satisfied all the standard 
requirements. Only the 8 mm diameter M2 bars did not have longitudinal ribs/gaps. ACI specifies a range of 0.10 to 0.14 
for RRA, while CS2/ISO 15630 only specifies for the minimum RRA values of 0.040 for 8 to 12 mm bars and 0.056 for 16 
to 25 mm bars. M2 bars of 10 mm dia. bars did not satisfy CS2/ISO 15630 requirements. However, M1 (8 mm and 12 
mm) and M2 (10, 16 and 25 mm) bar sizes are below the minimum and M2 bars of 20 mm diameter are above the 
recommended RRA values of ACI A408. These would reduce the load carrying capacity of RC members reinforced with the 
unsatisfactory bar sizes.  
Keywords: Surface geometry, reinforcing bars, relative rib area, interfacial bonding, statistical indices, load carrying 
capacity.  
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Research Paper 
 

Enhancing Structural Application: Assessing the Suitability of Sawn and Glue Laminated 

Albizia zygia (Ayunre) Timber for Sustainable Construction 
 

Ekundayo OO, Arum C, and Shittu LT. 
 

J. Civil Eng. Urban., 14(3s): 123-131, 2024; pii:S225204302400011-14 
 

DOI: https://dx.doi.org/10.54203/jceu.2024.11  
 
Abstract  
Leading economies are moving towards a bio-based economy for 
sustainability, but Africa struggles to utilize its bio- resource such as 
timber for advanced engineering application due to its natural limitations. 
Nevertheless, glue lamination (glulam) is promising for enhancing wood 
for structural application. Hence, this study investigated the shear 
strength of glue laminated (glulam) joints of Albizia zygia (A. zygia) 
timber species bonded with polyurethane (PUR) adhesive and other 
essential physical and mechanical properties in line with relevant 
standards. Briefly state the methodology before results to ensure flow. 
The results showed that the mean density of the wood species is 519  at 
a mean moisture content of 12%. The wood recorded a mean volumetric shrinkage and volumetric swelling of 1.17% and 
6.52% respectively. Other properties include mean bending strength at 53.89 , mean stiffness at 6106 N/mm2, 
compressive strength parallel to grain at 32.70  and mean tensile strength at 33.61 . Furthermore, the lap shear strength 

for glue laminated joints was tested according to EN 302-2013 standard and compared to control solid beams. The mean 
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shear strength for glulam was 2.32  while it was 1.64  for the control beams. Thus, the glued joints performed better in 
shear than the control specimen. Finally, the residual shear strength of the joints was a mean value of 1.28  after 
subjecting them to accelerated aging tests (AAT). This is equivalent to 44.83% decrease of the shear strength in the dry 
use state. Hence, glue laminated A. zygia using PUR is not suitable for external use due to weathering effects on its shear 

strength. Based on the findings in this study, A. zygia is a moderately dense wood suitable for structural use but for 
interior application when laminated with PUR. It is shown that locally sourced A. zygia can be enhanced through glue 
lamination for structural joints in service class 2 according to Eurocode 5. 
Keywords: Glued joints, adhesives, Polyurethane, Tensile shear strength and Albizia zygia 
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Abstract  
For many years, site development professionals and urban planners have 
worked in silos, yet they share a similar objective of providing a better 
built and natural environment. Moreover, there seems to be a stereotype 
in terms of focus areas; with urban planners more on the macroscale 
while their site development counterparts are more on the micro end. 
The two professional groups speak in different languages and use 
different instruments. For example, urban planners have introduced 
Geographic Information Systems (GIS) while site development 
professionals like architects, engineers, contractors, and facility 
managers advocate for Building Information Modelling (BIM). The 
increasing complexity of site development, their related environmental, 
geographical, and surrounding infrastructure is highly desired to support informed decision-making. Advancements in 
computer science and data technologies can make this integration easier. However, the understanding of GIS and BIM 
integration is still in its infancy, as innovative applications of their fusion is yet to be explored comprehensively. 
Therefore, this study investigates how GIS and BIM can be integrated to derive big data to support site development in 
Gaborone, Botswana. It will further propose a conceptual framework for integrating BIM and GIS for better site 
development and sustainable urban management in Gaborone. 
 
Keywords: Building Information Modelling, Geographic Information Systems, Sustainable Urban Management, 
Sustainable Construction Projects, BIM-GIS Integration, Conceptual Framework  
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Abstract  
Sandcrete blocks represent an indispensable building material, primarily 
composed of sand, water, and cement as a binding agent. Given the 
significant cost associated with cement, there is a need to produce low-
cement blocks that are economically viable and cost-effective. This 
challenge has prompted the exploration of alternative materials to reduce 
cement content, simultaneously addressing environmental pollution and 
health risks associated with agricultural waste in rural areas. Notable 
examples of such alternative materials include various agricultural waste 
components. The primary objective of this research is to establish 
statistical models for predicting the compressive strength of blocks 
reinforced with rice husk, guinea corn husk, maize straw, and a combination of sorghum husk and straw. The research 
findings indicate that the density of fibre-reinforced blocks decreased as the quantity of fibre increased. Furthermore, the 
compressive strength of the sandcrete blocks decreased as the fibre content increased. However, compressive strengths 
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of 2.41 N/mm², 1.90, 2.40 N/mm², and 3.01 N/mm² were achieved for rice husk, guinea corn husk, maize-straw, and a 
combination of sorghum husk and straw-reinforced sandcrete blocks, respectively. Only sandcrete blocks with sorghum 
husk and straw met the Nigerian Industrial Standard specifications (NIS 87:2000). A water-binder ratio of 0.4 was 
determined as optimal for all the blocks under investigation. Four models with precision values higher than 4.0 were 

generated to predict the compressive strengths of the blocks. This research represents a valuable contribution to 
developing environmentally friendly building materials for the construction industry.  
Keywords: Agricultural waste; Sandcrete blocks; Statistical models; Straw.   
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Abstract  
Building footprints are essential for planning and designing new 
infrastructure like water reticulation, electricity transmission, sewer, and 
road networks. They are also necessary for delivery, census, and disaster 
management. It is therefore important to have up-to-date maps and GIS 
databases for service provision. However, mapping building of footprints 
in semi-informal settlements is problematic because of the spatial 
heterogeneity of settlements. This study evaluates three non-parametric 
machine learning algorithms for extracting building footprints from 
WorldView-2 (WV2) satellite imagery in a semi-informal settlement. WV2 
satellite imagery data was fused with gray-level co-occurrence matrices 
(GLCM) to enhance building extraction. The algorithms used include the Gaussian Mixture Model (GMM), Random Forest 
(RF), and Support Vector Machine (SVM). The results indicate that GLCM does not improve the detection of buildings 
when using the GMM algorithm, but it increases building detection with RF and SVM. The GMM algorithm achieved the 
highest average accuracy of 92% for building detection. However, SVM and RF have an overall accuracy of 79% and 70% 
respectively. Though RF did not perform very well in identifying individual buildings, its overall accuracy was high. The 
outcome indicates that machine learning algorithms can adequately map building footprints from high-resolution satellite 
imagery. 
 
Keywords: Building detection, WorldView-2, machine learning, Gray-Level Co-Occurrence Matrix (GLCM)  
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Abstract  
Fluoride is well-known for its role in preventing dental issues and 
promoting strong teeth and bones. It is commonly found in water, tea, 
and fluoridated toothpaste. The World Health Organisation recommends 
fluoride concentrations between 0.5 mg/L to 1.50 mg/L in water. 
Excessive fluoride intake can lead to dental fluorosis which affects tooth 
enamel. This study aimed to investigate fluoride levels in different water 
sources within selected villages of Ngamiland and Central Boteti districts 
and assess dental fluorosis prevalence among the residents. Our 
objectives were to measure fluoride concentrations in various water 
sources, evaluate the impact of pH and salinity on fluoride levels, and 
determine the link between fluoride concentration and dental fluorosis 
prevalence. Water samples were analyzed for fluoride concentration, pH, and salinity using ion chromatograph, pH meter, 
and conductivity meter, respectively. Interviews were conducted in Maun, Tsau, Toteng, and Motopi regarding dental 
fluorosis prevalence. Results showed that groundwater in Motopi and Tsau had fluoride concentrations ranging from 2.81 
– 17.05 mg/L, while Toteng tap and standpipe water had fluoride concentrations of 0.78 and 0.83 mg/L. Maun tap and 
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standpipe water, as well as Motopi surface water, yielded fluoride concentrations ranging from 0.16 – 0.37 mg/L. Salinity 
and pH showed no significant relationship with fluoride concentration, with correlation coefficients of 0.09 and 0.46, 
respectively. In conclusion, Tsau boreholes had the highest fluoride concentration, linked to dental fluorosis in individuals 
aged 30 years and above. Maun tap and standpipe water, alongside Motopi tap and surface water, exhibited low fluoride 

concentrations, while Toteng tap, and standpipe water revealed appropriate fluoride levels. The study revealed that 
Salinity and pH do not influence fluoride concentration in water. 
Keywords: Dental Fluorosis Risk, Groundwater Management, Surface Water Management, Ngamiland and Central Boteti 
Districts  
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Abstract  
The reuse of doubly symmetric beams by converting them into 
monosymmetric section beams offers some promising outcomes and has 
potential for mitigating carbon footprint of structures. However, due to 
their complexity monosymmetric sections must be used in a 
configuration that allows the monosymmetry effects to act beneficially. 
Although the South African design standard for hot-rolled steel does not 
provide any guidance on the design of monosymmetric beams, the 
Southern African steel construction handbook provides a formula for 
determining the critical elastic buckling moment for monosymmetric 
beams. This guidance implies that the moment gradient factor used for 
doubly symmetric sections can be used on monosymmetric sections as well. The aim of the study was to verify the 
validity of this approach of extending the moment gradient factor used for doubly symmetric beams to monosymmetric 
beams for two specific types of monosymmetric sections. It was found that although this approach appears to be justified 
for monosymmetric members in single curvature bending it may produce unconservative values of the critical buckling 
load in double curvature bending between restraint points. The level of un-conservatism also varies for different spans of 
the same member. This makes it difficult to specify a single moment modification factor value for these cases. The 

sensitivity in terms of load reduction observed for double curvature bending case was different for the two members 
examined with this attributed to differences in how the shear centre moves relative to the centroid. It is recommended 
that the critical buckling load for monosymmetric sections be determined on a case specific basis for members in double 
curvature from linear moment gradients. Under single curvature bending the moment gradient factor for doubly 
symmetric members appears to give acceptable predictions of the critical load. 
Keywords: Steel beam, Monosymmetric, Lateral-torsional buckling, Moment gradient factor  
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Abstract  
Various forms of contracts guide the construction project delivery 
processes across the world. To make procurement more accessible and 
faster, various institutions have developed what is known as standard 
forms of contracts (SFoC). These institutions believe that SFoCs could be 
used in an adopted or adapted mode to reduce the burden of writing 
contracts every time a project is procured. This article discusses the 
results of a study that investigated the effectiveness of identified SFoCs 
and the experiences encountered by key stakeholders in using the 
contracts during construction project delivery. Study participants were 
drawn from contractor, consulting and client organisations and completed 
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a questionnaire with both closed and open-ended questions. 11 attributes synthesised from literature were used to 
measure the effectiveness of a contract. Three major SFoCs were identified as being used in Botswana: the  Joint 
Contract Tribunal (JCT),  the New Engineering Contract (NEC) and International Federation of Consulting 
Engineers  (FIDIC). The FIDIC has a long history of use, but in recent years, the NEC entered the arena. Due to the low 

usage of the JCT, the discussion centred on the NEC and FIDIC contracts. Some insights were drawn from the study. 
Respondents did not find a big difference in the effectiveness of the two contracts (WME for NEC =3.3 and FIDIC =3.1). 
However, there were a few attributes for which the NEC seemed to be a better contract. These were a) simple and non-
legalistic language with self-contained clauses and b) a communicative and proactive risk management regime, which 
respondents identified with a propensity to reduce or avoid disputes. The study had the limitations of having used a small 
(38) sample of respondents and the fact that NEC has not been used in the country for the length of time as the FIDIC 
contract. 
Keywords: Construction contract, Standard forms of contract, Contract Administration, Construction industry, Botswana  
 

[Full text-PDF] [Crossref Metadata] [Export from ePrints] 

 
Research Paper 
 

Fixed-Bed Adsorption Dynamics of Total Organic Carbon from Gamodubu Landfill 

Leachate Using Biochar Derived From Gaborone Wastewater Treatment Plant Sewage 

Sludge 
 

Tshenyego LD, Odirile PT and Gaboutloeloe GK. 
 

J. Civil Eng. Urban., 14(3s): 182-189, 2024; pii:S225204302400018-14 
 

DOI: https://dx.doi.org/10.54203/jceu.2024.18  
 
Abstract  
In developing countries like Botswana, addressing leachate treatment 
presents considerable difficulties, especially regarding the management 
of sewage sludge (SS). This research evaluated the capacity of activated 
biochar, derived from sewage sludge, to adsorb Total Organic Carbon 
(TOC). Biochar was produced under conditions with limited oxygen, by 
placing approximately 50 grams of dried sewage sludge in sealed 
porcelain crucibles and heating them at a rate of 10°C per minute to 
400°C for four hours. The resulting biochar (WWSBC400) was then 
stored in plastic bags in a dry environment. The pyrolysis yield was 
calculated as the ratio of the weight of the produced biochar to the initial 
weight of the dry sewage sludge. The study identified the maximum 
adsorption capacities (qm) for TOC in landfill leachate solutions, 
highlighting surface precipitation as a key adsorption mechanism for 
WWSBC400. Additionally, the removal of carbon ions using biochar 
produced from sludge at Gaborone's wastewater treatment facility was 
investigated. Continuous adsorption columns were utilized to demonstrate TOC solution adsorption, with performance 
evaluated in a fixed-bed column through model simulation. The Thomas model was used to compare experimental kinetic 
data, with the experimental data generally aligning well with the Thomas model, achieving a correlation coefficient (R²) of 
0.9114 for the first round of activated biochar removal. The adsorption capacity of the biochar was recorded at 389.265 
mg/g after 14.5 hours of column adsorption, with regeneration studies showing varying adsorption capacities of 742.82 
mg/g, 875.47 mg/g, 682.13 mg/g, and 735.21 mg/g for successive rounds. Surface precipitation was found to be a vital 
process for carbon adsorption onto WWSBC400. In conclusion, using sewage sludge biochar for co-contaminated soil 

shows potential for heavy metal immobilization, presenting a viable option for environmental rehabilitation. 
Keywords: Biochar Adsorption kinetic models; Fixed-bed column, Total Organic Carbon, sewage sludge, environmental 
remediation.  
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Abstract  
The most essential asset in every construction work is the workers. In this regard, sustainability in construction must 
include and be centred on this vital resource. However, research indicates that civil engineers and construction workers 
often advocate for sustainability in infrastructural developments. This critical asset in construction often needs more 

consideration when people are engaged in construction work despite the many ergonomics challenges widely reported in 
the industry. This leads to workers in this industry being grossly afflicted by injuries such as musculoskeletal disorders, 
particularly of the foot. In addition, changes in global temperatures, attributed to global warming, situate civil engineers 
and construction workers, as they often work in open and challenging terrains, at risk of heat-related illnesses such as 
heat hyperpyrexia and heat exhaustion, which may also aggravate these musculoskeletal disorders conditions. However, 
it is pretty disturbing to notice that such illnesses are less investigated, particularly musculoskeletal disorders of the feet, 
which may be exasperated by the dire heat conditions noticeable in Botswana. This is because there is often a need for 
more knowledge and understanding of the risks associated with musculoskeletal disorders (MSDs). Furthermore, 
expertise in ergonomics is limited to assisting in the design of work as well as its conditions. This bequeaths both civil 
engineers and construction workers to operate under very challenging conditions despite pursuance of sustainability. 
Therefore, this case study investigated the prevalence of musculoskeletal disorders of the feet in the construction industry 
in Botswana with the purpose of designing a safety boot that matches the anthropometric measurements of the 
construction workers' feet. The research culminates in the design of a safety boot that is based on the workers' 
anthropometric measurements to prevent the occurrence of MSDs. The results of the study indicate that workers in this 
industry suffer from toe bunions, cons, toe deformities, smelly feet, etc. The study additionally indicates foot size 
differences across Botswana’s tribes. These differences may have severe implications for the use of safety boots and the 
development of ergonomics illnesses, mainly since the current safety boots used are imported from elsewhere with no 
modification to address the anthropometric feet measurements of Batswana. It is anticipated that the research will 
provide the necessary awareness that can help civil engineers explore sustainability not only from the context of 
infrastructural development (objects) but also from the perspective of workers (humans). This underscores the need for 
further research and action in this critical area.  
 
Keywords: Construction Worker Ergonomics, Musculoskeletal Disorders, Safety Boot Design, Anthropometric 
Measurements, Heat-related Illnesses, Sustainable Construction Practices  
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Abstract  
Understanding the terrain and its impact on watershed characteristics, 
streamflow, and sediment loading is crucial for effective water resource 
management. This study investigates the influence of resampled Digital 
Elevation Models (DEM) on the prediction of watershed characteristics, 
streamflow, and sediment loading upstream of Oyun River Watershed, 
Nigeria. Various DEM resolutions, ranging from 30-meter to 90-meter, 
were analysed to assess their effects on hydrological predictions. To 
delineate the watershed, a DEM of 90-meter resolution was sourced from 
the space Shuttle Radar Topography Mission (SRTM), and the ASTER 
global DEM data sources. The 90-meter resolution was resampled to four 
different resolutions which are 75-meter, 60-meter, 45-meter, and 30-
meter resolutions. The watershed and streamline were delineated, and 
the hydrologic simulation was performed using Soil and Water 
Assessment Tool (SWAT). The research findings revealed that changes in 
DEM resolution had a negligible impact on streamflow predictions within 
the Oyun River Watershed. However, a noticeable impact was observed 
in the prediction of sediment concentration. The 90-meter resolution DEM yielded the lowest predicted sediment 
concentration, measuring 2.28 mg/l, while the 30-meter resampled DEM produced the highest value at 5.21mg/l. 
Similarly, the sediment yield (SYLD t/ha) exhibited considerable variation across the different DEM resolutions, with the 

90-meter DEM demonstrating the lowest value of approximately 528.90 t/ha, and the 30-meter DEM registering the 
highest at 2145.57 t/ha. Overall, this research highlights the necessity of careful DEM selection in hydrological modelling 
to ensure a comprehensive understanding of watershed dynamics, particularly in regions where sediment transport and 
water quality are of paramount concern. 
 
Keywords: DEM, Hydrological Modelling, Nigeria, Sediment Loads, Watershed  
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Abstract  
For the past decade Botswana’s construction industry has been embroiled 
in a lot of controversies based on construction project constraints. These 
are characterized by construction project delays, budget overruns as well 
as scope creep and some of these construction projects have been 
deemed unsuccessful by different stakeholders. To find a mitigating 
factor for these problems, construction project constraints must be 
investigated beyond just the triple constraints to provide a solution for 
the Botswana construction industry. Therefore, the overall purpose of 
this study was to investigate how construction project constraints and 
stakeholders influence the outcome of a project. The study adopted a 
qualitative approach through face-to-face interviews with selected stakeholders such construction professionals, clients 
and other beneficiaries in the Gaborone and greater Gaborone areas. Thematic analysis was used to analyze data. The 
findings of the study established that the success of a construction project is subjective and is based on who is being 
asked, the construction professionals, the client and other beneficiaries had different perspectives on success of a project. 
The study revealed that initial constraints in a construction project tend to be carried along to the final stages of a 
construction project. However new few construction project constraints also emerge at the final stages of a construction 
project. The study found that stakeholders such as the client and other beneficiaries have a significant impact on 
construction projects due to their influence both positive and negative depending on the level of engagement.  
Keywords: Factors of project success, Project constraints, Stakeholders, Triple constraints  
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Abstract  
Ensuring dam safety requires a monitoring system that can predict 
deformations and detect anomalies in real-time. This study combines the 
forecasting capabilities of the Prophet model with the real-time anomaly 
detection of a Gaussian Mixture Model-Hidden Markov Model (GMM-HMM) 
framework. The Prophet model analyses historical deformation data to 
forecast future deformations, enabling early issue identification. The 
GMM-HMM framework continuously monitors incoming data to detect 
deviations from predictions. Results shows that the GMM-HMM, with 10 
components and a Mahalanobis distance threshold of 0.1, achieved a 
precision of 0.602, recall of 1.0, and F-1 score of 0.751, ensuring high sensitivity and accurate anomaly detection on. The 
GMM-HMM was then used to detect anomalies on Prophet forecasted radial deformations. Anomalies were detected on 
upper limit and lower limit deformations. This combined approach enhances dam safety by integrating predictive and real-
time monitoring capabilities, offering a comprehensive early warning system for dam infrastructure. 
Keywords: Gaussian Mixture Model, Hidden Markov Model, Prophet Model, Dam Deformation Forecasting  
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Abstract  
This paper is an insightful perspective analysis of Botswana climate 
change policies in an effort to establish their effectiveness in relation to 
regional and international initiatives. For a critical review of both 
mitigation and adaptation efforts by different countries, the effectiveness 
is analysed, including their strengths and inadequacies noted, and 
recommendations made towards enhancing policy coherence and 
effectiveness. It examines the steps Botswana and other countries have 
taken to cut greenhouse gas emissions, improve energy efficiency, 
support the use of renewable energy sources, and implement sustainable 
land management practices. The paper also delves into Botswana's efforts 

to build climate resilience, such as creating a National Adaptation Plan and incorporating climate considerations across 
various sectors. 
 
Keywords: Climate change policies, Policy review, International agreements, Sustainable development, Botswana  
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Abstract  
This study carried out extensive numerical studies on a refined “One 
dimensional (1-D) Reynolds Averaging Navier-Stokes (RANS) Model” for 
vegetated open channel flow.  In the 1-D RANS model, the Spalart 
Allmaras closure model was used to model the turbulence caused by 
eddies within the vegetation zone and the interface between the top of 
the vegetation and the clear water zone. In this work, numerical 
simulations using 1-D RANS model are carried out using dataset 

obtained from the laboratory under different hydraulic conditions of 
varying areal vegetation densities. Three classes of highly flexible 
vegetation densities were simulated: low, medium and highly dense 
vegetation. The model predictions in terms of mean vertical stream-wise velocity profile and Reynolds Shear Stresses 
were compared with the laboratory flume experimental results. The 1-D RANS model performances were satisfactory for 
low and medium densities.  However, discrepancies were seen in the model prediction for highly dense vegetation. Hence, 
the hydraulic roughness parameters in the numerical model has been modified for model re-calibration to capture the 
position of zero-displacement of velocities. Using the modified parameters, the velocity profiles and the Reynolds Shear 
Stresses were predicted with very low uncertainty.  
Keywords: Zero-displacement parameter, 1-D RANS model, Reynolds shear stresses, areal density, flexible vegetation 
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Abstract  
The widespread acceptance of concrete can be attributed to its unique characteristics, despite inherent drawbacks such as 
brittleness and weak tensile strength. The study was aimed at evaluating the optimal content and characterization of steel 
fibres required to impede crack propagation and enhance overall strength of concrete. The influence of critical factors like 

fibre content, length, diameter, and volume fraction on the performance of steel fibre reinforced concretes (SFRC) 
through statistical analysis of 209 experimental data. The influence of these factors on the compressive, flexural, and 
tensile strengths of concrete was analyzed as a function of the mean and coefficient of variation of the normalized 
strength values. The study found that steel fibres in concrete produced success rates of 67.9% (7.1% average strength 
improvement = ASI) in compressive strength, 78.5% (38.2% ASI) in flexural strength and 84.2% (23.8% ASI) in tensile 
strength. The study further separately examined the impact of steel fibres on both normal strength concretes (NSC) and 
high strength concretes (HSC). The findings indicated an overall success rate of 60% (6.97% ASI), 69.9% (38.36% ASI), 
and 75.6% (23.59% ASI) for compressive, flexural, and split tensile strength, respectively, in NSC. However, higher 
degree of strength enhancement of 74.0% (7.16% ASI), 84.8% (39.21% ASI), and 86.6% (23.51% ASI) were recorded 
for compressive, flexural, and split tensile strength, respectively in HSC. The research underscores the effectiveness of 
incorporating steel fibres as a reinforcement strategy in enhancing various strength aspects of concrete. 
Keywords: Fibre reinforced concrete, steel fibres, compressive strength, tensile strength, flexural strength, normalized 
strength, average strength improvement. 
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Abstract  
Cement manufacturing companies contribute greatly to carbon-dioxide 
emission during production, hence there is need for novel eco-friendly or 
biodegradable cementitious material, which has the same strength and 
also durable. Geopolymers which are eco-friendly waste materials, which 
can also reduce construction cost are therefore considered for this 
purpose. The geopolymer stabilizing materials, fly ash (FA), kaolin clays 
powder (KCP), rice husk ash (RHA), and alkaline activator (procured 

sodium silicate, waste-created sodium silicate and sodium hydroxide) 
were added at 0, 2.5, 5, 7.5, and 10%, to the naturally created 
superplasticizer geopolymer concrete (GPC), so as to solve the problem 
of workability and efflorescence associated with fly ash based GPC. FTIR results shows major absorbance band at the 
region between 950 and 3250 cm−1. It means that addition of the naturally made superplasticizer to the geopolymer 
concrete lowered the viscosity and increased the flow behavior of concrete. The geopolymer concrete consists of super 
plasticizer (1.5%) and optimum of various binders i.e. 5% FA + 7.5% KC + 10% RHA + aggregate + water. At 
temperature above 70°C both compressive strength and weight decreases, for naturally made and purchased sodium 
silicate. The optimal geopolymer product showed substantial strength and durability enhancements at 70°C temperatures, 
with strength and durability values decline above 70°C, indicating material deterioration. A positive correlation between 
hot-state temperature, strength and durability properties was also established. The R2 of the Feret on the test set 
reaches 0.967, indicating its excellent predictive performance. 
Keywords: Rice Husk, Fourier Transform Infrared Spectroscopy, Waste-created sodium silicate, Superplasticizer; Eco-
friendly 
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Abstract  
The Namibian people, particularly, those living within the Iishana system, 
which is a subset of the Cuvelai Basin, often encounter recurrent floods 
and droughts. After each rainy season, the Iishana system dries up 

gradually, hence, water for both agriculture and potable purposes 
becomes crucial. With the anticipated new water infrastructural 
development and rehabilitation of existing ones, it will be necessary to 
ascertain the water demand of the rural population, for the quantification 
of the supply potential to improve water availability. This study adopts 
historical water consumption per capita recommended within the Iishana 
system to determine the rural population demand. Considering a thirty 
years’ population projection, the water demand of the Iishana system is 
properly estimated. Moreover, the historical hydrological dataset daily 
data for the period 2012-2021 was used for the analysis. The current 
demand is estimated at 2,479 cubic meters per day. The projections of water demand for the rural population for 2033, 
2043, and 2053 are 0.9, 0.5, and 0.1 Mm3/year, respectively. More so, the surface water resource potential of the 
system is estimated at an average of 300 mm/year. The region loses more water through evaporation than it receives in 
the wet season. Around 2500 mm of water evaporates from the surface annually, giving a water deficit of 2200 mm/year. 
The region's flat, shallow landscape, high evaporation rate, and the inadequacy of infrastructure have made the area 
vulnerable in terms of water security for both agricultural and potable purposes, resulting in droughts after the rainy 
season. With these findings, it is recommended to build water infrastructures within the region to improve the well-being 
and livelihood of rural communities.   
Keywords: Water demand, water supply, rural population, per capita demand, Iishana system, Namibia 
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Abstract  
This study evaluates the effectiveness of a tripartite pedagogy 
framework integrating specialized tracks, optional minors, and 
experiential learning to enhance sustainability education in built 
environment curricula. Employing a mixed-methods quasi-experimental 
design, the research assessed 239 industrial training students in Enugu, 
Nigeria. Results from the t-test demonstrate significant improvements in 
sustainability knowledge post-intervention and high interest in optional 
sustainability courses. Repeated measures of ANOVA revealed 
substantial enhancements in students' ability to apply sustainability 
concepts over time. Qualitative data highlighted practical challenges in 
experiential learning, including resource constraints. The findings provide 
empirical support for the tripartite approach, extending previous 
research by quantifying impacts on practical skills development. This study contributes to the limited body of evidence on 
integrated sustainability education interventions in the Global South, demonstrating significant improvements in students' 
sustainability knowledge and application skills through a tripartite pedagogy framework. The findings highlight the 
potential of specialized tracks, optional minors, and experiential learning to bridge the gap between academic preparation 
and industry needs. It is recommended that educational institutions prioritize these integrative approaches and address 
resource constraints to enhance the effectiveness and scalability of sustainability education in built environment curricula. 
Keywords: Building Research Establishment Environmental Assessment Methodology, Built environment curricula, 
Experiential learning, Optional minors, Specialized tracks, Sustainability competencies 
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Abstract  
Accurate prediction of water levels (WL) is essential for various 
applications, from flood management to environmental monitoring. In 
this study, an enhanced approach to feature selection tailored for water 

level prediction models is presented. Our method integrates Mutual 
Information and Recursive Feature Elimination with Cross-Validation 
(RFECV), augmented by the Non-Dominated Sorting Genetic Algorithm II 
(NSGA-II), to systematically evaluate and refine subsets of features. 
Mutual Information facilitates the identification of relevant feature 
dependencies, while RFECV iteratively eliminates less informative 
features to optimize predictive accuracy. The inclusion of NSGA-II further 
enhances the selection process by considering multiple conflicting 
objectives simultaneously, such as maximizing R2 score and minimizing the number of selected features, RMSE, and MAE. 
Through extensive experimentation and validation on real-world datasets, we demonstrate the effectiveness of our hybrid 
feature selection approach in capturing intricate relationships within the data, leading to significantly improved predictive 
performance in water level prediction models. 
Keywords: Mutual Information, Recursive Feature Elimination with Cross validation, Non-Dominated Sorting Genetic 
Algorithm II 
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Abstract  
A non-conventional concrete with the properties of flow-ability, filling-
ability, and passing-ability without any need for mechanical compaction 
but flow under self-weight is known as self-compacting concrete. This 
study developed trial mixtures for self-compacting concrete (SCC) using 
locally available waste products. The copper slag and ore tailings from 
Bamangwato Concessions Limited Mine in Selebi-Phikwe, Botswana were 
used as source of fine aggregate, and fines substitute. Eight mix 
proportions were developed with the quantities of cement, granite, 
copper slag, ore tailings and water-cement ratio as variables. The mix 
proportions were developed in accordance with recommendations from 
American Concrete Institute (ACI 237R-07) and fresh SCC properties (flow ability, passing ability, filling-ability, and 
segregation) were performed to assess the performance of the mixes. It was observed that the range of slump flow 
values were between (500 – 750 mm), V-funnel values (1.46 – 7.46 s), passing-ability of (0.76 – 1.0). The hardened 
properties of SCC (strength and density) were between 8.1 and 33.3 MPa, and 2093 to 2406 kg/m3) respectively. It could 
be concluded that SCC produced from mine wastes (copper slag and ore tailings) is found suitable for the use in 
unreinforced and normal concrete applications. 
Keywords: Self-compacting concrete, filling-ability, flow-ability, passing-ability, slump flow, segregation and compressive 
strength. 
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Abstract  
Direct SPT-based pile design methods are very popular these days 
despite the fact that many of such methods are based on small 
databases of pile load tests. Due to the dependence of soil behaviour on 
geological setting and site specific conditions, it is possible that some of 
the methods do not produce good prediction of pile capacity. Accordingly 
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this paper presents the evaluation of two SPT-based pile design methods in residual soils against a pile load test database 
from the Southern African region. The methods include the (i) Franki-SA method reported in Byrne et al. (1995) and (ii) 
Decourt Method (1995).  The pile load tests consist of 26 cases of bored piles in residual soil with each case accompanied 
by SPT measurements. The SPT measurements were used to calculate the predicted capacity in accordance with the 

procedure for each of the two methods while the pile load tests were used to determine the measured capacity. The 
findings of the evaluation indicate that the Decourt method is more reliable and accurate than the SA method. The poor 
performance of the SA methods suggests further studies to develop specific calculation factors for base and shaft 
capacities in residual soils.  
Keywords: SPT-based pile methods, Load Bearing Capacity, Pile Load Test, Chin extrapolation method, Terzhagi’s 10% 
criteria, Rank Index. 
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Abstract  
Concrete and mortar usually found themselves in normal and harsh 
environments. The environment has great influence on the mechanical 
and durability behaviours of the concrete. In this study, fly ash was 
processed using circular economy concept and subsequently used as 

precursor for geopolymer mortar. The fly ash from Morupule power plant 
station has previously been characterized for its physical, chemical, and 
microstructural properties. Based on its suitability, the fresh and 
mechanical properties of the geopolymer mortar were carried out, and 
afterward, the durability behaviour is investigated in this study. The 
geopolymer mortar was formulated from the mixture of fly ash, sand and alkaline activators and cured thermally at 70°C. 
The behaviour of the geopolymer mortar in sulphuric acid solution, sodium sulphate solution, water absorption and fire 
resistance properties were simulated, and their loss in compressive strength and weight were determined. The laboratory 
experiment indicated that geopolymer mortars are highly resistant to sulphate attack, water absorption with moderate 
resistance against sulfuric acid and fire resistance. The effects of varying other parameters on the performance of 
concrete can be looked into in the future studies.  
Keywords: Geopolymer mortar, environment, durability, mechanical, fly ash, circular economy 
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Abstract  
Quality assurance of construction materials is very fundamental for 
structural safety, reliability, serviceability, and durability of constructed 
civil infrastructure. Inflow of defective or substandard building and 
construction materials into the industry, particularly reinforcing steel 
bars, is responsible for many structurally deficient constructed facilities 
which often lead to failure or ultimate collapse of reinforced concrete 
(RC) structures. Characterization of steel rebars from two major 
manufacturers into Botswana construction industry, designated herein as 
M1 and M2, were conducted as a basis for the evaluation of the quality assurance and control of the products. The flexural 
behaviour of their respective RC beams, designated herein as B-M1 and B-M2, of dimension 150 × 200 × 3000 mm and 
subject to four-point loading tests were determined under normal and artificially induced corrosion conditions to assess 
the influence of steel rebars M1 and M2 on the stiffness and load-carrying capacity. The average yield strengths of steel 
reinforcing bars were 427 N/mm2 for M1 and 459 N/mm2 for M2. The moduli of elasticity for M1 and M2 were 203 GPa 
and 205 GPa, respectively. The percentage elongation was found to be 7.93% for M1 and 7.24% for M2. The flexural 
strength of beams reinforced with M1 was 7% and 16.5% lower than RC beam with M2 under normal and accelerated 
corrosion of 5% of NaCl solution for 60 hours condition, respectively. The flexural behaviour of RC beams reinforced with 
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B-M1 had a lower flexural strength under both normal and corrosive environmental conditions as compared to B-M2. The 
flexural strength of B-M1 had reduced from 48.5 N/mm2 to 41.0 N/mm2, while B-M2 reduced from 52.2 N/mm2 to 49.2 
N/mm2. This represented loss of load-carrying capacity of 15.4% and 5.8% for B-M1 and B-M2 respectively due to 
exposure to corrosive environment. The findings revealed disparity in bending capacity due to the low interfacial bonding 

due to reduced relative rib areas. A more intensive quality control of imported steel should be ensured at the ports of 
entry by relevant regulatory agencies. 
Keywords: Flexural capacity, Sfiffness, Reinforcing bars, Relative rib area, Interfacial bonding, Accelerated corrosion, 
Ultimate load. 
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Abstract  
Existing theoretical and empirical pile design methods cannot accurately 
model the complex interaction between piles and soil. Consequently, 
there is a growing trend towards utilizing machine learning techniques to 
better capture the nonlinear soil-pile interaction. This paper aims to 
predict the capacity of bored piles in cohesionless soils using a machine 
learning approach. The machine learning algorithm was trained using a 

database of 18 bored pile cases in non-cohesive soils and validated with 
a separate dataset of 8 bored piles in cohesionless soil. Moreover, the 
performance of the machine learning method was compared with that of 
a traditional pile design method (i.e., SA-SPT method) in Southern Africa. 
The evaluation was based on the ratio of measured capacity to predicted 
capacity (Qm/Qp) statistics and the coefficient of determination (R2). The results showed an R2 of 0.89 for the machine 
learning method compared to 0.85 for the SA-SPT method, indicating the superior accuracy of the machine learning 
approach in predicting pile capacity. 
Keywords: Machine learning, SPT-based pile methods, Load Bearing Capacity, Full-scale Load Test, Chin extrapolation 
method, Terzhagi’s 10% criteria. 
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Abstract  

The Manyana Village is divided into two types of soils. The center of the village is covered with sand that overlays clays 
from weathered dolerite whilst the eastern side is covered with exposed clays. Houses constructed on the eastern side of 
the village are prone to severe cracking attributed to the black cotton soils. The paper hints at shrink-swell mechanism of 
black cotton soils as a possible explanation for the cracking observed on the houses. Three laboratory methods of 
identifying and characterizing expansive soils are discussed followed by use of Dynamic Cone Penetration (DCP) in field-
testing as well as use of indicator tests and particle sizing in the laboratory. The experimental results have shown a high 
field moisture content of (18 to 27%) in the eastern part of the village which was three times larger than moisture 
content at the village center. The clays had a plasticity index range of 12% to 30% with a clay content of 21% to 47% 
whilst the sandy areas were non-plastic with a clay content of at most 4%. The clay minerals identified from the samples 
tested were vermiculite, illite, kaolinite and montmorillonite. The soil samples from the village had low potential 
expansiveness whilst most samples on black cotton soil had a medium to high potential of expansiveness. The bearing 
capacity estimated from DCP data at depths of 1m throughout the village were 72 kPa to 275 kPa under dry conditions. A 
draft plasticity index map of Manyana village was produced based on the results of the investigation, the next step is to 
investigate the effectiveness of different soil stabilization methods for this area and taking in to consideration cost, 
durability and environmental impact. 
Keywords: Black cotton soil, Cracking, Moisture content, Plasticity index, Bearing capacity. 
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Abstract  
Pozzolans have long been established as viable materials for the partial 
replacement of cement in concrete. However, the extent to which they 
can be used is still under investigation. Pozzolans do not in themselves 
have cementitious value but can react chemically with calcium hydroxide 
and moisture to produce cementitious compounds. Pozzolanic concretes 
have been reported to have varied properties in term of compressive 
strength and durability properties which need to be ascertained. This 

research focuses on Calcined Termite Mound (CTM) and its influence on 
the compressive strength and sorptivity of concrete. Several tests were 
carried out to ascertain the physical, chemical, and mineralogical 
properties of CTM and conventional concrete constituents. Some of these 
tests include bulk density, setting time, aggregate crushing value (ACV), aggregate impact value (AIV), slump test, X-Ray 
Fluorescence (XRF), X-Ray Diffraction (XRD), sorptivity, and compressive strength tests. Compressive strength tests 
results for concrete containing Ordinary Portland Cement (OPC) and CTM cement blends show that CTM has higher silica 
content compared to OPC and can be classified as Class-N pozzolans It is also richer in calcium oxide. The study also 
reveals that CTM has an optimum replacement level of 5% with strength of 13.4 MPa at 28 days, which is higher than the 
12.4 MPa of control concrete. Also, the result of sorptivity test for OPC-CTM blended concrete gave lower resistance to 
sorptivity. Regression models were developed to predict the compressive strengths of OPC-CTM concrete as a function of 
% replacement level and curing age. 
Keywords: Calcine termite mould; Compressive strength; Pozzolanic concrete; Sorptivity. 
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Abstract  
The Iishana is a shallow, low-slope channel system located in the Cuvelai 
basin (Southern Angola and Northern Namibia), characterised by drought 
and flood cycles due to erratic climate variability. The knowledge gap 
regarding the actual water needs in the area, the number of residents 
within the system, the seasonal influence of cattle migration, and poor 
socio-economic conditions, make the population even more vulnerable to 
droughts. The main objective of this study is to estimate the water 
demand by the rural population on the Angolan side of the Iishana 
system, attempting to fill the knowledge gap. To reach the demand 
estimates, a mathematical procedure within a GIS environment was 
used, in QGIS 3.32.2 software, relating population gridded and meteorological data to make the necessary calculations. In 
2023, it estimated consumption for intake and personal hygiene of 4.7 Mm3, 6.3 Mm3 for 2033, 8.4 Mm3 for 2043 and 
11.3 Mm3/year for 2053. In recent years there have been rainfall records throughout the Iishana system, at an average 
of 518 mm/annum, but high temperatures accelerate water evaporation. Due to the topographical conditions, the waters 
are drained by gravity to the south of the basin (Republic of Namibia), causing a greater shortage in the dry season on 
the Angolan side, the study targets the estimation of water demand and the concept of rainwater harvest and sustainable 
water infrastructure to supply safe drinking water to equalise water demand and reduce vulnerability to climate change. 
These early findings may provide a basis for developing sustainable water infrastructure and use plans to improve the 
livelihoods of the resident population within the basin. 
Keywords: Water demand, Water supply, Iishana system, Cuvelai Basin, Water infrastructure. 
 

[Full text-PDF] [Crossref Metadata] [Export from ePrints] 

 
<Previous issue | Next issue> | Archive 

                                       This work is licensed under a Creative Commons Attribution 4.0 International License (CC BY 4.0).  

https://dx.doi.org/10.54203/jceu.2024.36
https://www.ojceu.com/main/attachments/article/104/JCEU14(3s)325-333,2024.pdf
https://search.crossref.org/
https://dx.doi.org/10.54203/jceu.2024.37
https://www.ojceu.com/main/attachments/article/104/JCEU14(3s)334-338,2024.pdf
https://search.crossref.org/
https://www.ojceu.com/main/index.php?option=com_content&view=article&id=103&Itemid=107
https://www.ojceu.com/main/index.php?option=com_content&view=article&id=105&Itemid=109
https://www.ojceu.com/main/index.php?option=com_content&view=article&id=7&Itemid=10
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.ojceu.com/main/images/stories/2024/Ikumapayi_et_al._Pozzolanic_Concrete_Containing_Calcined_Termite_Mound.jpg
https://www.ojceu.com/main/images/stories/2024/Chiweyengue_et_al._Estimation_of_Water_Demand_for_the_Rural_Population.jpg


To cite this paper: Wang X, Lin X, and Xu S. (2024). Comparison of Concrete Strengthened with Carbon Fibre-Reinforced Polymer (CFRP) and Carbon Textile-Reinforced Mortar 

(CTRM). J. Civil Eng. Urban., 14 (3S): 102-106. DOI: https://dx.doi.org/10.54203/jceu.2024.8 

102 

 

 

2024 Scienceline Publication 

Journal of Civil Engineering and Urbanism 

 

DOI: https://dx.doi.org/10.54203/jceu.2024.8 

 

Comparison of Concrete Strengthened with Carbon Fibre-

Reinforced Polymer (CFRP) and Carbon Textile-Reinforced 

Mortar (CTRM) 
 

Xuan Wang
1   

, Xinyue Lin
2

, and Shunbi Xu
2

 
 

1School of Civil & Environmental Engineering and Geography Science, Ningbo University, Ningbo, China 
2Pan Tianshou College of Architecture, Art and Design, Ningbo University, Ningbo, China 


Corresponding author’s Email: wangxuan@nbu.edu.cn 

 

ABSTRACT 

Applying new composite material for strengthening and repairing existing structures is an important research topic. 

Carbon Fiber Reinforced Polymer/Plastics (CFRP) and Carbon Textile Reinforced Mortar (CTRM) are two 

common structural external reinforcement materials. 18 concrete specimens strengthened with CFRP and CTRM are 

prepared in this study. The quasi-static single-sided shear tests combined with the Digital Image Correlation (DIC) 

method is applied. The results show that the interface bonding strength of CFRP strengthening (0.76-0.96 MPa) is 

65.0% to 74.8% higher than the CTRM-concrete interface (0.43-0.63 MPa). The ductility and energy dissipation 

capacity of CTRM strengthening is better than that of CFRP strengthening, and the effective bonding length is 125 

to 300 mm. In practical work, CFRP is preferred for improving the strength of concrete components, while CTRM 

is preferred for improving ductility and seismic resistance.  

Keywords: Carbon fibre-reinforced composites (CFRP); Carbon textile-reinforced mortar (CTRM); Digital image 

correlation method (DIC); Single-sided shear test 
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INTRODUCTION 
 

The global building stock comprises many historic 

constructions that require repair and structural 

strengthening. This requirement arises from the need to 

improve the original performance of these structures under 

existing loads or to increase their load-bearing capacity to 

satisfy changes in use and increase their service life. 

Applying new composite material for strengthening and 

repairing existing structures is an important research topic. 

Carbon fibre-reinforced polymer (CFRP) and carbon 

textile-reinforced mortar (CTRM) have recently been 

applied in structural strengthening (Koutas, 2019; 

Zampieri, 2018). CTRM comprises carbon textiles 

combined with an inorganic mortar matrix. CFRP 

comprises CFRP sheet and epoxy resin. The mechanical 

behaviour of TRM depends on the material properties of 

the fibre and the bond behaviour between the fibre and the 

substrate (Raoof, 2006). The FRP/TRM–concrete bond 

performance is critical for ensuring the safety and 

efficiency of the strengthening (Yuan, 2004; Yao, 2007; 

Ueda, 2005; Su, 2021). The single shear pull-out test 

(Oliveira, 2010; Zhou, 2020; Yang, 2017) has been widely 

used in the laboratory to characterise the FRP-concrete 

bond behaviour, which adequately reproduces the loading 

conditions in service. 

The typical failure modes of composite strengthened 

concrete have been identified in the literature (De Felice, 

2018): (1) damage of the substrate, (2) debonding at the 

fiber-substrate interface, and (3) fibre rupture. However, a 

comparison of the bond behaviour of CFRP and CTRM is 

still lacking (Wang, 2020; Wang, 2023). In this study, the 

bond behaviour of CFRP and CTRM to concrete was 

investigated experimentally by using single-sided shear 

tests.  

 

MATERIALS AND METHODS 

 

Carbon textile and CFRP 

Five carbon textile and CFRP sheet samples are 

prepared for mechanical characterisation tests. The length 

and width of the sample are 230 mm and 50 mm, 

respectively. Each sample is bonded and gripped with two 

aluminium taps of 50 mm in length. The failure patterns 

are shown in Figures 1 and 2. The test results are listed in 

Table 1. 
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(a) Sample preparation  

 
(b) Failure pattern 

Figure 1. Tensile sample of carbon textile 

 

 

 
(a) Sample preparation 

 
(b) Failure pattern 

 

Figure 2. Tensile sample of CFRP sheet 

Table 1. Tensile mechanical properties of carbon textile 

and CFRP sheet 

Specimen 

No. 

Peak load 

(kN) 

Tensile 

stress 

(MPa) 

Peak 

strain 

(%) 

Elastic 

modulus 

(GPa) 

C1G0 2.30 (0.02) 1121.96 1.3 (0.05) 121 (5.7) 

C3G0 6.34 (0.16) 1124.63 1.6 (0.05) 76 (2.2) 

C3G3 6.70 (0.05) 1188.73 1.8 (0.06) 81 (2.1) 

C3G5 6.66 (0.22) 1180.73 1.8 (0.05) 77 (1.5) 

C6G0 9.57 (0.27) 848.36 2.0 (0.05) 58 (0.9) 

C6G3 9.81 (0.65) 869.49 2.3 (0.12) 53 (1.5) 

C6G5 9.51 (0.28) 842.90 2.1 (0.03) 55 (1.1) 

CFRP sheet 6.045 (0.05) 3630 / / 

Coefficients of variation (CoV) in brackets 

 

Preparation of specimen  

Figure 3 shows the procedure for preparing a CTRM 

strengthened concrete specimen. The concrete block 

dimensions are 300 mm or 400 mm ×100 mm ×100 mm, 

the corresponding bond length is 250 mm or 350 mm, and 

the width is 50 mm. Pre-cut carbon textiles were laid onto 

the first layer of mortar, and finally, another layer of 

mortar was applied to the textile to finish the process 

(Figure 3). The total thickness of the CTRM is 15 mm. 
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Figure 3. Preparation of CTRM strengthened concrete 

specimen 

 

Test setup 

The single-lap shear bond test (Zhang, 2023) was 

applied to the wet lay-up unidirectional CFRP and CTRM 

strengthened concrete elements. Figure 4 shows a test 

setup of the single-lap pull-out tests, according to the 

recommendation of RILEM Technical Committee 250-

CSM (De Felice, 2018). The loading was applied from the 

unembedded textile to the CTRM and concrete. The 

unembedded textile was pulled out monotonically by the 

testing machine. The digital image correlation measures 

the surface displacement and strain distribution of the test 

specimen. 

 
Figure 4. Test setup. 

RESULTS AND DISCUSSION 

 

Test results for each specimen are listed in Table 2 and 

Table 3. For the CTRM strengthened concrete, the average 

initial cracking and peak loads at the loading end were 

8.11 kN and 9.01 kN, respectively. For the CFRP 

strengthened concrete, the average initial cracking load 

and peak load at the loading end were 12.87 kN and 15.13 

kN, respectively. The failure mode of TRM strengthened 

concrete was a mixed damage failure with matrix crack 

and textile rupture. The bond strength of 6 specimens of 

Type I (T2I and T3I) is relatively higher than that of 6 

specimens of Type II (T2II and T3II), indicating that its 

bonding length is greater than the effective bonding length. 

This is because the protective layer of Type I is thicker, 

which makes its effective bonding length shorter.  

In contrast, the failure mode of 6 specimens of CFRP 

strengthened concrete (F2 and F3) was a debonding 

failure, as shown in Figure 5. The results show that the 

interface bonding strength of CFRP strengthening (0.76-

0.96 MPa) is 65.0% to 74.8% higher than the CTRM-

concrete interface (0.43-0.63 MPa), indicating that the 

bond of CFRP is stronger than that of CTRM. 

 Figure 6 compares the experimental load-slip 

responses of CTRM and CFRP-strengthened concrete. The 

load-slip curves show that CTRM strengthening has better 

ductility and energy dissipation capacity than CFRP 

strengthening. Figure 7 shows the strain contours obtained 

by DIC of the specimens at different load levels, Pu is the 

peak load. The length of failure was conducted from the 

DIC results, which is the length of strain distribution at 

peak load. The strain contours show that the effective 

bonding length is 125 to 300 mm. 

 

Table 2. Test results of CTRM strengthened concrete 

No. 
FL 

(mm) 
FM 

CL 

(kN) 

PL 

(kN) 

BS 

(MPa) 

T2Ⅰ-1 128 
Mixed 

failure 

6.86 9.89 0.66 

T2Ⅰ-2 120 6.08 9.39 0.63 

T2Ⅰ-3 125 7.76 9.16 0.61 

T3Ⅰ-1 126 
Mixed 

failure 

7.68 9.42 0.45 

T3Ⅰ-2 131 9.11 10.13 0.48 

T3Ⅰ-3 129 9.37 9.37 0.45 

T2Ⅱ-1 250 
Mixed 

failure 

7.32 7.37 0.49 

T2Ⅱ-2 250 7.99 7.99 0.53 

T2Ⅱ-3 250 8.07 8.07 0.54 

T3Ⅱ-1 302 
Mixed 

failure 

9.12 9.12 0.43 

T3Ⅱ-2 296 8.79 8.79 0.42 

T3Ⅱ-3 306 9.19 9.40 0.45 

FL, FM, CL, PL BS are failure length, failure mode, crack load, peak 

load, and bond strength. 
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Table 3. Test results of CFRP strengthened concrete 

No. 
FL 

(mm) 
FM 

CL 

(kN) 

PL 

(kN) 

BS 

(MPa) 

F2-1 250 
CFRP 

debond 

12.13 14.35 0.96 

F2-2 250 12.06 15.18 1.01 

F2-3 250 11.85 13.51 0.90 

F3-1 350 
CFRP 

debond 

13.22 14.56 0.69 

F3-2 350 14.68 17.55 0.84 

F3-3 350 13.29 15.61 0.74 

FL, FM, CL, PL BS are failure length, failure mode, crack load, peak 

load, and bond strength. 

 

 
(a) CTRM strengthened concrete 

 
(b) CFRP strengthened concrete 

Figure 5. Failure mode 
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Figure 6. Comparison of the experimental load-slip curves 

 
 

0.2 Pu 0.6 Pu 0.8 Pu Pu  

(a) CTRM strengthened concrete 

 

 

 
0.2 Pu 

 
0.6 Pu 

 
0.8 Pu 

 
Pu 

 

(b) CFRP strengthened concrete 
 

Figure 7. Strain contours at different load levels (DIC) 

 
 

CONCLUSIONS 

 

This study conducted 18 quasi-static single-sided shear 

tests on concrete specimens strengthened with CFRP and 

CTRM, combined with the Digital Image Correlation 

(DIC) method. The results show that the interface bonding 

strength of CFRP strengthening (0.76-0.96 MPa) is 65.0% 

to 74.8% higher than the CTRM-concrete interface (0.43-

0.63 MPa). The ductility and energy dissipation capacity 

of CTRM strengthening is better than that of CFRP 

strengthening, and the effective bonding length is 125 to 

300 mm. In practical work, CFRP is preferred for 

improving the strength of concrete components, while 

CTRM is preferred for improving ductility and seismic 

resistance. 
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ABSTRACT 

The use of cement in the construction industry is accompanied by the release of greenhouse gases (GHGs) into the 

ecosystem, and freshwater usage is on the rise globally, putting the world in a potential freshwater scarcity. This 

study investigated the effects of blended Portland-fly ash cement on the compressive strength of seawater-mixed 

and cured lateritic concrete by partially replacing the concrete materials: cement with fly ash at 0%, 5%, 10%, 15%, 

and 25%; fine aggregate, with laterite at 0%, 10%, 20%, and 30%. A concrete mix ratio of 1:1.5:3 was used in the 

production of concrete cubes with an expected target compressive strength of 20 N/mm2. The compressive strength 

of the cubes was measured at 7, 28, and 56 days using standard testing procedures. Cubes cast with and cured in 

seawater (SW-SW) had strength values relatively higher than those cast with and cured in freshwater (FW-FW) at 

28 days of curing. At 28 days, SW-SW cubes gave 22.44 N/mm2 while FW-FW cubes gave 21.80 N/mm2 as the 

highest strength values at 10% Lat and 10% FA. However, the FW-FW cubes had strength values higher than those 

of seawater mixed and cured concrete (SW-SW) at 56 days. FW-FW cubes gave 26.82 N/mm2 while SW-SW cubes 

gave 26.34 N/mm2 as their highest strength values at 10% Lat and 10% FA. Generally, an increase in fly ash and 

laterite content significantly reduces the compressive strength of concrete. Overall, seawater is recommended for 

curing and mixing, especially in non-reinforcing concrete. 10% fly ash and 10% laterite are also recommended for 

use in blended Portland cement-fly ash concrete as they give the highest strength values. 

Keywords: Concrete, Fly Ash, Laterite, Seawater, Compressive strength 
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INTRODUCTION 
 

Concrete has been extensively used as a construction 

material ever since it was introduced to the construction 

industry (Basavana et al., 2015). Concrete is used for 

numerous purposes in the construction industry, such as 

the construction of buildings, foundations, parking 

structures, pipes, dams, pools, and other similar structures 

(Ogunjiofor, 2020). The average annual production is 

approximately 1 ton of concrete per human being in the 

world (Marie and Quiasrawi, 2012). The need to prevent 

the depletion of non-renewable materials and make 

concrete construction sustainable led to the replacement of 

the constituent materials of concrete with alternative ones. 

The partial replacement of sand with laterite resulted in 

laterized concrete (Folagbade and Aluko, 2019). 

Over two billion tons of freshwater is consumed every 

year, which is approximately 9% of the global industrial 

water demand (Monteiro and Miller, 2017; Miller et al., 

2016). Predictions show that in 2050, 75% of the water 

demand for concrete production will occur in regions most 

likely to experience water shortages (Miller et al., 2018).  

Given the increase in freshwater usage globally which 

may lead to a potential freshwater shortage, seawater 

becomes plausible as an alternative mixing water for 

concrete (Mekonnen and Hoekstra, 2016; Miller et al., 

2015). Although the use of seawater in concrete mixtures 

is currently prohibited because of its high chloride 

contents that promote corrosion of reinforcing steel (El-

Reedy, 2017), the issue can be addressed by using non-

corrosive reinforcement such as fibre-reinforced polymer 

(FRP) bars (Younis et al., 2018).  

Several works have been carried out on the possibility 

of using seawater for mixing and curing concrete. Khatib 

and Bayasi (2003) studied the strength and durability of 
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seawater-mixed concrete and concluded that the 

compressive strength of seawater (SW)-mixed concrete 

was slightly lower than that of freshwater (FW)-mixed 

concrete but the difference was not significant. Lee et al., 

(2008) also investigated the influence of curing in SW on 

the properties of concrete and showed from the study that 

the compressive strength of concrete cured in FW was 

slightly higher than that of concrete cured in SW but the 

difference was not significant.   

Attempts have been made to also partially replace the 

cement content of laterized concrete with pozzolanic 

materials such as fly ash, cassava peel ash and volcanic 

ash, among others (Ogunbode, 2010; Al-Ani and Hughes, 

1989).  

Azad et al., (2016) studied the effects of fly ash on the 

mechanical properties of concrete and found that the 

addition of fly ash to concrete can increase its compressive 

strength, tensile strength and flexural strength. Kishore et 

al., (2017) however found that the compressive strength 

and flexural strength of concrete reduce with an increase 

in fly ash content. 

The scope of this study included casting and curing 

blended Portland fly ash lateritic concrete made with fly 

ash in FW and SW. In this study, fly ash was used as a 

partial replacement for cement at 0%, 5%, 10%, 15%, and 

25% levels, and laterite for sand at 0%, 10%, 20%, and 

30% replacement levels in the concrete mix. The effects of 

the laterite and fly ash on the compressive strength of the 

concrete were studied and compared with that of ordinary 

Portland cement (OPC) concrete mixed and cured with 

FW as a control.  

 

MATERIALS AND METHODS 

 

Sources and preparation of materials 

The materials used for this study were sourced locally 

and tested to ensure that they meet all the necessary 

standards. Lafarge Portland cement, grade 42.5, type 1 

general-purpose cement as per the ASTM C150, (2012) 

was used in this study as shown in Figure 1a. 

Fly ash sample was obtained from the Olokwu coal 

mining site, Omala Local Government, Kogi State, 

Northcentral Nigeria. The specific gravity test was carried 

out following BS EN 12620:2002 as well as X-ray 

Fluorescence (XRF) analysis, and X-ray diffraction (XRD) 

were carried out to examine the chemical composition and 

the mineralogical composition of the fly ash. It is light 

brown in colour (Figure 1 b). The results of other physical 

properties of the binders are shown in Table 1. 

Laterite was sourced from a laterite quarry within the 

Akure metropolis, Southwestern Nigeria (Figure 1 c). 

Physical properties such as specific gravity test was 

carried out on the laterite samples. Clean and dry fine river 

sand (Akure pit sand, APS) that was well-graded was used 

for casting all the specimens. They were sourced from 

Akure, Southwestern Nigeria, and kept clean and dry to 

prevent bulking of aggregates. Crushed granite stones with 

a maximum size of 20 mm conforming to the requirements 

of ASTM C33/C33 M and BS 882 (1992) were used. A 

sieve analysis test and specific gravity test were carried 

out following BS EN 12620:2002 on both the fine and 

coarse aggregates.  

Potable water and seawater following the 

requirements of BS EN 1008:2002, were used for the 

mixing and curing of concrete cubes. The water samples 

were tested to have pH values of 6.03 and 7.14 for the FW 

and the SW, respectively.  

The freshwater and seawater used for the mixing and 

curing of the concrete cubes were tested at the Department 

of Chemistry, Federal University of Technology, Akure, 

Nigeria, for several chemical properties and physical 

properties. The freshwater was found weakly 

acidic/neutral while the seawater was very neutral. As 

expected, the seawater used had very high content, 22.465 

mg/L of Na
+
 of and 76.205 mg/L of K

+
 compared to the 

2.017 mg/L and 5.621 mg/L respectively for freshwater. 

 

 
(a) 

 
(b) 

 
(c) 

Figure 1. Materials used (a) ordinary Portland cement 

(OPC) (b) fly ash (FA) (c) Lateritic soil. 

 
Table 1. Properties of the binders 

Properties / Parameters OPC FA 

Specific gravity (kg/m3) 3.02 2.35 

Initial setting time (minutes) 75 - 

Final setting time (minutes) 270 - 

Normal consistency (%) 26 - 

Moisture content (%) - 16.35 

Dry density (g/cm3) - 0.458 
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Methods  

The constituents of concrete were batched by weight 

based on the mix ratio of 1:1.5:3 with a target strength of 

20 N/mm
2
 at 28 days of curing.  

Fly ash was added as a partial substitute for cement at 

0%, 5%, 10%, 15%, and 25%, while laterite was used to 

replace fine aggregate at 0%, 10%, 20%, and 30%. Fine 

aggregate and binders (cement and fly ash) were first 

thoroughly mixed before coarse aggregates were added. A 

water-binder ratio of 0.55 was adopted, and a slump test 

was carried out. The freshly mixed concrete was filled into 

moulds in three layers of approximately 50 mm before 

compacting with 25 strokes of the tamping rod. Four 

different types of combinations were made with a total of 

360 cubes. The first mixture included mixing the 

constituents with freshwater and curing the cubes in 

freshwater. This served as the control mix. Two other 

combinations included mixing with freshwater and curing 

in seawater, and vice-versa. The last mix had seawater as 

both the mixing and curing water.  

A total of 360 cubes were cast and tested for 

compressive strength at 28 days of curing. The 

compressive strength test was carried out on cubes with a 

size of 150 mm x 150 mm x 150 mm in accordance with 

BS EN 12390-2. An ELE Compression Testing Machine 

with a loading capacity set to 2000 kN was used to 

determine the strength. Concrete specimens of size 200 

mm x 50 mm x 50 mm were tested according to BS 812-

120: 1989. They were cast and demoulded after 24 hours 

and placed in air to cure for the shrinkage to be monitored.  

 

RESULTS AND DISCUSSION 

 

Physical properties of materials used 

The specific gravity test was carried out on fine 

aggregate, coarse aggregate, fly ash, and laterite. The 

results were 2.74, 2.63, 2.35, and 2.63, respectively. All 

the values conform to the required standard as specified in 

ASTM C127 (2015), so they can be used in concrete 

works.  The sieve analysis test was carried out following 

BS EN 12620:2002. The result of the test carried out on 

Akure Pit Sand (APS) and laterite is shown in Figure 2. 

The sand was well graded with coefficients of uniformity 

(Cu) and coefficient of gradation (Cc) of 1.71 and 1.04 

respectively. The laterite used was a silt-clay material, as 

50.18% of its sample passed through sieve No. 200 

(0.075mm). The sand was fine sand, with 92.67% passing 

the 75 mm sieve size and retaining the 2 mm sieve size. 

For the crushed granite stones used, they were purely 

grave material.  

The fly ash used for the preparation of concrete 

specimens was characterized using X-ray fluorescence 

(XRF) analysis. The results, as shown in Figure 3 show 

that it contains a high percentage of SiO2. The oxide 

composition test also indicated that the fly ash contained a 

SiO2 content of 57.35% which is more than the 25% 

recommended by BS EN 197-1 (2011) for pozzolans. It 

was also a class F pozzolan (SiO2 + Al2O3 + Fe2O3 > 70%)  

according to ASTM C618-12a, so it was suitable for 

replacing cement (see Figure 2).  

The setting times of cement were determined using 

freshwater and seawater. The initial and final setting times 

were 148 minutes and 205 minutes for freshwater, and 106 

minutes and 128 minutes when seawater was used. These 

values are in line with Ghalehnovi et al., 2010 and Uzoh et 

al., 2017. They also conform to the limit set by BS EN 

197-1:2011 for grade 42.5N cement. The fineness value 

for the cement was 1.77%. The average water absorption 

for fine aggregate and coarse aggregate are 0.55% and 

0.71% respectively. The bulk density of crushed granite 

stone was 1.71 g/cm
3
. 

 

 
Figure 2. The grain size distribution of sand and lateritic 

soil. 

 

 
Figure 3. X-ray Diffraction (XRD) pattern of coal fly ash. 
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Table 2. Chemical and physical properties of OPC and 

FA.  

Oxide (%) CaO SiO2 Al2O3 Fe2O3 MgO K2O SO3 

FA 1.72 57.2 28.6 6.58 1.78 2.81 0.02 

 

Compressive strength 

The strength values for the four different 

environments are presented in Figures 4, 5, 6 and 7. The 

compressive strength for the different concrete cube 

samples generally increases with an increase in curing 

days. This agrees with the findings of Sata et al. (2007). It 

is evident that all the conventional concrete produced from 

the control had a higher strength than the blended Portland 

cement-fly ash laterized concrete at 28 days of curing. At 

28 days of curing, the SW-SW cubes gave the best 

strength values: 22.38 N/mm
2
, 22.53 N/mm

2
, 22.67 

N/mm
2
, 22.62 N/mm

2
, and 22.16 N/mm

2
 for 0%FA/0% 

Lat., 5% FA/0% Lat. 10% FA/0% Lat., 15% FA/0% Lat., 

and 25% FA/0% Lat., respectively. These values were 

found to be higher than 21.91 N/mm
2
, 21.87 N/mm

2
, 21.85 

N/mm
2
, 21.88 N/mm

2
, and 21.85 N/mm

2
 obtained for 

corresponding FW-FW cubes at 28 days of curing.   

However, at 56 days, FW-FW cubes gave the highest 

strength values of 26.59 N/mm
2
, 26.79 N/m

2
, 27.47 

N/mm
2
, 26.82 N/mm

2
 and 27.79 N/mm

2
 for 25% FA/0% 

Lat., 15% FA/0% Lat., 10% FA/0% Lat., 5% FA/0% Lat., 

and 0% FA/0% Lat., respectively which exceeded the 

target strength of 20N/mm
2
.  

Cubes produced with 10% fly ash and 10% laterite 

generally gave the highest strength of 26.82 N/mm
2
 in 

terms of replacement, next to the control mix.  

 

 
Figure 4. Compressive strength (N/mm

2
) against % of fly 

ash for SW-SW cubes at 28 days. 

 

 
Figure 5. Compressive strength (N/mm

2
) against % of fly 

ash for SW-FW cubes at 28 days. 

 

 

 
Figure 6. Compressive strength (N/mm

2
) against % of fly 

ash for FW-FW cubes at 28 days. 

 

 

 
Figure 7. Compressive strength (N/mm

2
) against % of fly 

ash for FW-SW cubes at 28 days. 
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CONCLUSION 

 

A study on the effects of Blended Portland-Fly Ash 

Cement on Compressive Strength of Seawater Mixed and 

Cured Lateritic Concrete and the following conclusions 

can be drawn: 

(1) Fly ash possesses pozzolanic properties and 

can therefore be used as a cementitious material in 

concrete. Drying shrinkage and compressive strength of 

concrete reduce with an increase in fly ash content. Curing 

periods had a significant effect on the strength 

development of blended Portland cement-fly ash laterized 

concrete, as there was strength gain with increasing curing 

age for all fly ash and laterite replacement levels.  

(2) The strength of the control mix was generally 

slightly higher than that of the blended Portland cement-

fly ash seawater-mixed and cured laterized concrete. 

Though the strength compared well.  

(3) 10% fly Ash and 10% laterite are recommended 

for the replacement of cement and sand, respectively, in 

plain concrete works. Recycling activities for wastes like 

fly ash should be encouraged by all institutions. 

Technology should be developed for the production of fly 

ash and other pozzolans so they can be readily available 

for concrete work.  

Finally, seawater can be used for mixing and curing 

plain concrete in place of freshwater and for reinforced 

concrete if the reinforcing material is non-corroding. 
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ABSTRACT 

Uncertainties in construction materials, especially steel reinforcing bars, have multiplying adverse impacts on the 

integrity and reliability of constructed facilities from construction to service life stages. Botswana depends on 

importation of rebars to meet the ever-increasing demands for buildings and reinforced concrete civil infrastructure. 

The study assessed the mass and geometric properties of the two most utilized steel reinforcing bars, designated as 

M1 and M2, in Botswana. With the aid of digital analytical balance and Vernier calipers, measurements of mass per 

unit length and the relative rib area (RRA), which depends on nominal diameter, rib height, rib spacing, and 

longitudinal rib or gap thickness were made from 3000 standard bars each of nominal sizes from 8 mm to 25 mm 

randomly sampled at the suppliers’ depots/warehouses and various construction sites in Gaborone and Francistown. 

The RRA is a measure of the surface geometry for interfacial bonding between steel reinforcing bar and the 

surrounding concrete. The geometric properties of each steel bar type of the nominal sizes were characterized in 

terms of the statistical parameters and compared for compliance with standard specifications such as CS2 (2012), 

ISO 15630, ACI A408. The actual mass and diameter of bars were within the tolerance of ± 1% of the respective 

nominal size which satisfied all the standard requirements. Only the 8 mm diameter M2 bars did not have 

longitudinal ribs/gaps. ACI specifies a range of 0.10 to 0.14 for RRA, while CS2/ISO 15630 only specifies for the 

minimum RRA values of 0.040 for 8 to 12 mm bars and 0.056 for 16 to 25 mm bars. M2 bars of 10 mm dia. bars 

did not satisfy CS2/ISO 15630 requirements. However, M1 (8 mm and 12 mm) and M2 (10, 16 and 25 mm) bar 

sizes are below the minimum and M2 bars of 20 mm diameter are above the recommended RRA values of ACI 

A408. These would reduce the load carrying capacity of RC members reinforced with the unsatisfactory bar sizes.  

Keywords: Surface geometry, reinforcing bars, relative rib area, interfacial bonding, statistical indices, load 

carrying capacity. 
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INTRODUCTION 
 

Steel reinforced concrete has been used for decades as the 

construction material of choice because it is economical 

and versatile (Rabi et al., 2022; van Damme, 2018; Otieno, 

2008; Jumaat et al., 2006). The embedded steel rebar has a 

good interfacial bonding with the surrounding concrete 

and an excellent tensile strength. It can still be bent or 

shaped for almost any concrete construction application 

(Sulaiman et al., 2017; Metelli and Plizzari, 2014; Zuo and 

Darwin, 2000a). The effectiveness of reinforcing bars in 

concrete is directly connected to the quality of the steel 

bars and the strength of concrete is good in compression, 

but weak in tension and flexure. The quality assurance of 

steel reinforcement in reinforced concrete (RC) 

infrastructure has not received considerable attention as 

the compressive strength of concrete at both the design 

and construction stages. This quality is an aggregation of 

the physical, chemical and mechanical properties which 

are often determined from laboratory experimental and 

field testing (Bame et al., 2023). The use of sub-standard 

reinforcing steel bars causes structural defects, failures or 

ultimate collapse, which could result in loss of lives, 

properties, infrastructure and economic investments. 

Therefore, it is imperative to test the properties of steel 

bars to ensure their compliance with standard 

specifications, which are necessary to satisfy the ultimate 

and serviceability limit states (Alexander and Beushausen, 

2019).  

Efficient and effective transfer of force between 

reinforcement and concrete is required for optimal design 

of reinforced concrete structures. Three basic mechanics 

are required to effectively transfer force or stresses from a 

deformed reinforcing bar to the surrounding concrete 

These are (1) the chemical adhesion between the 

reinforcing bar and the surrounding concrete; (2) the 
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frictional forces arising from the roughness of the 

interface, forces transverse to the bar surface, and relative 

slip between the bar and the surrounding concrete; and (3) 

the mechanical anchorage or bearing of the ribs against the 

concrete surface (ACI 408R-03, 2012). Although the 

physical, chemical and mechanical properties of steel bars 

are critical for these three mechanics, they are most 

influenced by the cross-sectional and surface geometries. 

Hence, for safety, reliability and durability of RC 

structures, compliance of the cross-section and surface 

geometries of steel rebars with relevant standards is 

fundamental both during construction and in service life. 

The conformity of the cross-section with the specification 

is a function of the agreement between the nominal and 

the actual diameter of bars, which determines the tensile 

strength of the member (Metelli and Plizzari, 2014; Zuo 

and Darwin, 2000a). On the other hand, the relative rib 

area, as a major parameter of the surface geometry, 

measure the adhesion, frictional forces and the interfacial 

bonding between steel and the surrounding concrete. This 

guarantees sufficient concrete-steel shear adhesion to 

prevent slippage of reinforcement in concrete (Sun et al. 

2018; Barsic et al., 2012). The combination of the two is a 

measure of the load-carrying capacity of RC structural 

members in tension, compression or flexure. The 

geometric rib features of bars include the shape, width, 

height, spacing and inclination with respect to the 

longitudinal axis of the rods (Leramo et al., 2018). The 

relative rib area rather than the minimum rib height or the 

maximum rib spacing controls the bond strength between 

reinforcing steel and concrete (Metelli and Plizzari, 2014; 

Zuo and Darwin, 2000a; Zuo and Darwin, 2000b). This 

was based on a maximum average rib spacing equivalent 

to 70% of the nominal diameter of the bar and a minimum 

height of deformations equal to 4% for bars with a 

nominal diameter.  

The purpose of this study was to assess the cross-

sectional and surface geometries of steel reinforcing bars 

used in the import dependent Botswana construction 

industry. The study highlights the uncertainties that 

characterize the geometric properties of two most common 

reinforcing bars sampled from major suppliers and 

distributors spread over Gaborone and Francistown and 

the environs using ISO 15630, CS2 and ACI A408R 

Standards.  

 

Theoretical Background for Relative Rib Area 

a) CS2 (2012) and BS 4449:2005+A2:2009 

Construction Standard CS2 (2012) is the publication 

of the Standing Committee on Concrete Technology by 

the Government of Hong Kong. It is an extract of Steel for 

the reinforcement of concrete (BS 4449:2005+A2:2009), a 

publication of British Standards Institution. CS2 (2012) 

and BS 4449 (2009) specify the relative rib area, for 

ribbed steel reinforcing bars using the Simpson’s rule 

formula as shown in Equation (1): 

 

  
dc

edaaa
f

im

R




6

22 4/34/1 
              [1] 

where 4/1a , 
ma , 4/3a  are the height of transverse ribs 

at the quarter-point, mid-point, and three-quarters point 

respectively measured as the mean of at least three 

measurements in this position per row on different 

transverse ribs.  ie  is the part of the circumference 

without ribs determined as the sum of the average gap (e) 

between each pair of two adjacent ribs. e is determined 

from at least three measurements. d is the nominal 

diameter of the bar and c is the average spacing of the 

transverse ribs.  

A typical surface rib geometry with two rows in 

transverse ribs is shown in Figure 1. The recommended 

average rib height, h is 0.03d to 0.15d, the rib spacing c is 

0.4d to 1.2d, and the transverse rib inclination angle, β is 

35º to 75º. The minimum allowable relative rib area are 

0.035, 0.040 and 0.056 for d ≤ 6, 6 < d ≤ 12 and d > 12, 

respectively. 

 

 
 

Fig. 1. Surface rib geometry with two rows of 

transverse ribs 

 

b) ISO 15630-1-2010 

The relative rib area specified by ISO 15630-1 (2010) 

is as expressed in Equation (2)  
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where n = number of rows of transverse ribs on the 

circumference, m = number of different transverse rib 

inclinations per row, q = number of longitudinal ribs for 

cold-twisted bars, p = pitch for cold-twisted bars 

determined as the mean of the distances between two 

consecutive corresponding points of a longitudinal rib on 

the same longitudinal line, for each longitudinal rib. 

where 𝐹𝑅 = ∑ (𝑎𝑠,𝑖𝛥𝑙)
𝑝
𝑖=1  is the area of the longitudinal 

section of one rib (Figure 2), where 
isa ,
 is the average 

height of a portion i  of a rib subdivided into p  parts of 

length l . 

 

c) ACI 408R (2012) 

According to ACI 408R (2012) defines the relative rib 

area  as the ratio of the projected rib area normal to the bar 

axis to the product of the nominal bar perimeter and the 

average centre-to-centre rib spacing as expressed in 

Equation (3). 
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where rh = average rib height, rs = average rib spacing, 

∑𝑔𝑎𝑝𝑠= sum of gaps between ends of transverse 

deformations, and p = actual perimeter. 

 

For steel reinforcing bars with no gaps or longitudinal 

ribs, 0 gaps , and rR becomes  
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Fig. 2. Determination of the rib flank inclination (α) and determination of the area of the longitudinal section of one rib (FR) 

 
MATERIALS AND METHODS 

 

Assessment of reinforcing steel bars used in construction, 

specifically focusing on samples imported into the country 

from two major manufacturers designated as M1 and M2 

was conducted. The assessment involved testing the 

physical and geometric properties of these steel bars, 

which were ribbed or deformed.  

All 3000 random samples were sourced from various 

suppliers’ warehouses, distributors’ shops and various 

construction sites in Gaborone and Francistown and the 

environs. The samples of steel reinforcing bars from 

nominal diameter 8 mm to 25 mm of standard length 6 m 

are as shown in Figure 3.  
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Figure 3. Samples of M1 and M2 steel bars 
 

 

1. Random selection of samples: Reinforcing steel 

bars were randomly selected from tonnes of imported 

material from major suppliers, distributors’ storehouses 

and construction sites in Gaborone and Francistown and 

the surrounding areas for measurement. 3000 samples of 

each nominal bar sizes from 8 mm to 25 mm were 

considered for the study. 

 

2. Measurement parameters: The measurements 

focused on four key geometric properties: 

 Actual diameter was measured by placing the 

outside jaws of the electronic vernier caliper around a 

point between two transverse ribs, perpendicular to the 

longitudinal rib. 

 Rib height was measured by positioning the 

knife-edge of the calipers over two adjacent ribs and 

extending the depth gauge until it contacts the bar.  

 Rib spacing was measured by placing the outside 

jaws of the digital calipers between two adjacent 

transverse ribs. 

 The gap due on the longitudinal rib was measured 

by placing the outside jaws of the calipers over the outer 

edge of the longitudinal rib. 

This process ensures accurate measurement of the 

geometric properties of the reinforcing bars, which is 

crucial for quality control and compliance with standards 

as stated in ASTM A615 are shown in Fig. 4. 

The following equations were used for statistical 

analysis of the results obtained for. 

Mean:  𝑥̅ =
∑ 𝑥̅ᵢ𝑛
𝑖=1
𝑛

                                   [5]  

Standard deviation: 𝑠 =
∑√|𝑥̅ᵢ−𝑥̅ |²

𝑛−1
                  [6] 

Coefficient of variation, CoV =
𝑆

𝑥̅ 
             [7] 

Skewness,  𝑠𝑘 =
𝑛

(𝑛−1)(𝑛−2)

∑ .𝑛
𝑖=1 (𝑥̅ᵢ−𝑥̅̅)³

𝑠³
           [8]  

Kurtosis,  

𝑘𝑡𝑠 =

𝑛(𝑛+1)
(𝑛−1)(𝑛−2)(𝑛−3)

 ∑ (
(𝑥̅𝑖−𝑥̅̅)

4

𝑠4
3(𝑛−1)

2

(𝑛−2)(𝑛−3)
)𝑛

𝑖=1     [9]  

 

 

 

 
Figure 4. Measurement parameters for relative rib 

RESULTS AND DISCUSSION 

The average measurement data for the geometric 

properties of sampled 8 mm, 10 mm, 12 mm, 16 mm, 20 

mm and 25 mm diameter steel reinforcing bars is 

summarized in Table 1 to provide a comprehensive 

overview of the experimental results and statistical 

analysis of the geometric properties of the sampled steel 

reinforcing bars. They are crucial for understanding the 

variability and quality of the bars tested, which is essential 

for ensuring compliance with standards and quality control 

in construction and engineering applications. 

 

Actual mass per meter of steel reinforcing bars 

The average mass per unit length (in kg/m) of 3000 

samples for each nominal size of M1 and M2 were 

measured as shown on Table 1. The results showed that 

the measured samples from M1 and M2 are agreeable to as 

specified by mass per meter in BS 4449 (2005) for all 

diameter sizes. The standard deviations were all agreeable 

to the given tolerance. It has been noted that diameter 20 

mm of M1 has the least uncertainties as it has the lowest 

coefficient of variation (CoV). The results shows that most 

of samples of 8 mm diameter were closer to the mean 

value as compared to other diameters. 

(a) Rib height measurement  

(b) Rib spacing measurement 

 

(c) Gap measurement 
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Table 1.  Average mass of steel reinforcing bars 

Type Statistical Analysis 
Nominal bar diameter 

8 mm 10 mm 12 mm 16 mm 20 mm 25 mm 

M1 

Average (kg/m) 0.397 0.618 0.885 1.577 2.469 3.857 

Standard deviation 0.020 0.026 0.037 0.064 0.095 0.155 

COV (%) 5.098 4.153 4.134 4.063 3.861 4.010 

M2 

Average (kg/m) 0.395 0.617 0.887 1.578 2.465 3.835 

Standard deviation 0.023 0.027 0.041 0.078 0.114 0.174 

COV (%) 5.745 4.343 4.615 4.941 4.638 4.543 

 

 
Figure 5. Probability density function curves of 8 mm to 25 mm nominal bar 
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Actual diameter of steel reinforcing bars 

The statistical analysis and probability density 

function curves of actual diameters in Fig. 5 shows that the 

average actual diameters of M1 samples were slightly 

greater that average actual diameters of M2 with an 

exception to the actual diameters of 12 mm and 25 mm 

sizes which were the same for both M1 and M2.  The 

median values of the measured samples shows that most of 

the samples from both M1 and M2 were close to the 

average diameter sizes from 8 mm to 25 mm.  

Figure 6 presents the statistical parameters of the 

analysis of the 3000 random samples such as the standard 

deviation, CoV, skewness and kurtosis of all actual 

diameters bar sizes for the cross-sectional geometry. The 

standard deviation of M2 samples for diameter sizes 8 

mm, 10 mm and 25 mm, high which brings about high 

CoV of those samples. The higher the CoV, the higher the 

variability of results obtained. For M1 samples, diameter 

size of 16 mm showed a higher dispersion of results from 

the average value followed by 10 mm and 25 mm sizes in 

terms of standard deviation. 

Skewness of the normal distribution curves were 

assessed to verify how symmetrical the curves were to the 

mean value while kurtosis was calculated to measure the 

risk or uncertainty of data obtained by classifying curves 

as peaked or flat. The criteria used was between -0.5 and 

0.5, the data are fairly symmetrical, between -1 and – 0.5 

or between 0.5 and 1, the data are moderately skewed and 

lastly skewness less than -1 or greater than 1, the data are 

highly skewed. For kurtosis, the general guideline is that if 

the number is greater than +1, the distribution is too 

peaked while a kurtosis of less than –1 indicates a 

distribution that is too flat.  The results shows that all 

diameters from M1 and M2 were fairly skewed and very 

low risk/uncertainty in terms of graphs being peaked or 

flat. 

 

 

 
Figure 6. Statistical parameters of cross-sectional variability in bar sizes 
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Relative rib area  

Average relative rib areas for all nominal bar size 

samples of both M1 and M2 are compared by bar graphs 

in Fig. 7. The results show that ISO 15630 (2010) 

produced the highest RRA values and was closely 

followed by ACI 408R (2012) and lastly CS2 (2012) 

which was comparative to BS 4449 (2005). With ISO 

15630, RRA for M1 was very high for bar sizes 16 mm, 

20 mm and 25 mm whereas for M2 is high in 12 mm, 20 

mm and 25 mm bar sizes. The bars for M1 and M2 met 

requirements for RRA when using all standards except for 

few cases with ACI 408. M1 (8 mm and 12 mm) and M2 

(10, 16 and 25 mm) bar sizes were below the minimum 

and M2 bars of 20 mm diameter were above the 

recommended RRA threshold values of ACI A408. Bond 

strength is strongly dependent on the relative rib area 

because an increase in relative rib area from 0.04 to 0.10 

leads to an increase of bond strength of up to 40% (Metelli 

& Plizzari, 2014).   

The fib Model Code (2010) which requires RRA ≥ 

0.05 reveals that the RRA values above 0.14 may develop 

higher bond stresses. Lower relative rib area and higher 

coefficient of variation increases uncertainties. The 

standard deviation of samples was low, but 10 mm 

diameter bars of M2 steel bars recorded high CoV values. 

Uncertainties are most likely where CoV was as high as 

evident with the actual diameter of 8 mm and 10 mm of 

M2. Diameter 8 mm of M2 had the highest values for 

skewness and kurtosis showing that it is highly skewed to 

the left and a highly peaked. A high positive kurtosis is 

considered as a risk because it is a leptokurtic distribution 

showing heavy tails on either side. They have large 

outliers as compared to all other diameter sizes. This 

concludes that M1 samples were preferred to M2 which 

are characterized by some relative rib area. The statistical 

summary of the measured diameters of bars for M1 and 

M2 reinforcing bars are summarized in Table 2, while 

Table 3 to Table 6 present the statistical summary of the 

relative rib areas computed by different international and 

national models. 

Studies have shown that relative rib area rather than 

the minimum rib height or the maximum rib spacing 

influences the bond stress between reinforcing steel and 

the surrounding concrete. In addition, high relative rib area 

of steel bars may enhance bond strength (Barbosa et al. 

2008, Metelli & Plizzari, 2014). 

 

 

 
Figure 7. Relative rib areas of all nominal bar sizes for 

different standards 

 

 

Table 2. Statistical summary of actual diameter of reinforcing bars 

Bar size (mm) 8 10 12 16 20 25 

Statistical parameters M1 M2 M1 M2 M1 M2 M1 M2 M1 M2 M1 M2 

Average 7.98 7.85 9.95 9.90 11.96 11.96 15.97 15.94 19.95 19.90 24.95 24.95 

COV (%) 0.18 1.19 0.39 0.47 0.22 0.12 0.24 0.12 0.11 0.12 0.13 0.17 

Skewness -0.03 0.08 0.02 -0.02 -0.02 0.04 -0.01 0.07 0.06 0.04 -0.01 -0.02 

Kurtosis -0.13 0.10 -0.06 -0.04 0.12 0.03 0.12 0.03 -0.02 0.02 0.03 0.02 
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Table 3. Statistical summary of relative rib areas computed by CS2 (2012) 

Bar size (mm) 8 10 12 16 20 25 

Statistical 

Parameters 
M1 M2 M1 M2 M1 M2 M1 M2 M1 M2 M1 M2 

Average 0.094 0.107 0.087 0.051 0.061 0.107 0.115 0.074 0.094 0.121 0.114 0.081 

COV (%) 2.66 2.66 2.81 12.23 2.07 0.78 1.36 0.96 1.25 4.20 1.49 3.15 

Skewness 0.008 0.123 -0.001 0.105 0.011 -0.004 0.048 -0.045 0.025 0.131 0.024 0.006 

Kurtosis 0.014 -0.047 0.021 0.004 0.064 0.023 -0.087 -0.038 -0.083 -0.014 -0.007 0.118 

 

 
Table 4. Statistical summary of relative rib areas estimated by ISO 15630 

Bar size (mm) 8 10 12 16 20 25 

Statistical Parameters M1 M2 M1 M2 M1 M2 M1 M2 M1 M2 M1 M2 

Average 0.154 0.121 0.179 0.091 0.157 0.289 0.376 0.238 0.392 0.392 0.561 0.329 

COV (%) 5.25 7.27 6.14 19.83 3.55 1.27 2.24 2.11 2.28 11.07 7.97 10.83 

Skewness 0.006 -0.117 -0.050 0.151 0.034 0.033 -0.201 -0.057 -0.007 -0.149 -1.356 -0.212 

Kurtosis -0.006 0.114 0.019 -0.010 -0.058 -0.024 0.146 -0.035 0.102 0.022 2.295 0.038 

 

 

 

Table 5. Statistical summary of relative rib areas computed by ACI 408R-03 

Bar size (mm) 8 10 12 16 20 25 

Statistical Parameters M1 M2 M1 M2 M1 M2 M1 M2 M1 M2 M1 M2 

Average 0.059 0.129 0.104 0.061 0.073 0.129 0.138 0.089 0.113 0.145 0.137 0.097 

COV (%) 4.18 3.65 4.55 19.35 3.31 1.11 1.62 1.61 2.05 5.94 2.43 5.25 

Skewness 0.070 0.077 0.060 0.094 0.030 0.027 0.071 -0.039 0.068 0.027 0.078 -0.012 

Kurtosis -0.119 -0.071 -0.025 -0.029 -0.062 -0.041 0.015 -0.006 -0.007 -0.039 -0.015 -0.154 

 

 

 

Table 6. Statistical summary of relative rib areas estimated ACI 408R-03 (approx) 

Bar size (mm) 8 10 12 16 20 25 

Statistical Parameters M1 M2 M1 M2 M1 M2 M1 M2 M1 M2 M1 M2 

Average 0.138 0.129 0.124 0.079 0.085 0.158 0.153 0.100 0.126 0.158 0.151 0.106 

COV (%) 4.08 3.65 4.55 19.30 3.31 1.10 1.62 1.61 2.05 5.94 2.43 5.25 

Skewness 0.055 0.077 0.063 0.088 0.031 0.024 0.073 -0.031 0.068 0.028 0.081 -0.014 

Kurtosis -0.158 -0.071 -0.026 -0.036 -0.053 -0.060 0.009 -0.001 -0.003 -0.036 -0.011 -0.154 
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CONCLUSIONS 

 

The following salient conclusions can be drawn from the 

study. The average mass of steel reinforcing bar samples 

of M1 and M2 were almost the same for all diameters and 

met all standard requirements. However, the standard 

deviation and the CoV of nominal bar size 8 mm for M2 

were evidently conspicuously high at 0.09 and 1.19% 

respectively, but still fell within the acceptable limit. The 

average actual diameters of M1 and M2 were slightly 

lower than all nominal diameters though fulfilled the 

requirement with their tolerance. M1 (8 mm and 12 mm) 

and M2 (10, 16 and 25 mm) bar sizes are below the 

minimum and M2 bars of 20 mm diameter are above the 

recommended RRA values of ACI A408. Relative rib area 

calculated using ISO 15630 and CS2 met the 

requirements. In conclusion, M1 have better properties as 

no risks were detected on actual diameters and relative rib 

areas, and as such enhances the interfacial bonding, 

tension and flexural capacity of RC structures. 
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ABSTRACT 

Leading economies are moving towards a bio-based economy for sustainability, but Africa struggles to utilize its 

bio- resource such as timber for advanced engineering application due to its natural limitations. Nevertheless, glue 

lamination (glulam) is promising for enhancing wood for structural application. Hence, this study investigated the 

shear strength of glue laminated (glulam) joints of Albizia zygia (A. zygia) timber species bonded with polyurethane 

(PUR) adhesive and other essential physical and mechanical properties in line with relevant standards. Briefly state 

the methodology before results to ensure flow. The results showed that the mean density of the wood species is 

519 kg m3⁄  at a mean moisture content of 12%. The wood recorded a mean volumetric shrinkage and volumetric 

swelling of 1.17% and 6.52% respectively. Other properties include mean bending strength at 53.89N mm2⁄ , mean 

stiffness at 6106 N/mm2, compressive strength parallel to grain at 32.70N mm2⁄  and mean tensile strength at 

33.61N mm2⁄ . Furthermore, the lap shear strength for glue laminated joints was tested according to EN 302-2013 

standard and compared to control solid beams. The mean shear strength for glulam was 2.32N mm2⁄  while it was 

1.64N mm2⁄  for the control beams. Thus, the glued joints performed better in shear than the control specimen. 

Finally, the residual shear strength of the joints was a mean value of 1.28N mm2⁄  after subjecting them to 

accelerated aging tests (AAT). This is equivalent to 44.83% decrease of the shear strength in the dry use state. 

Hence, glue laminated A. zygia using PUR is not suitable for external use due to weathering effects on its shear 

strength. Based on the findings in this study, A. zygia is a moderately dense wood suitable for structural use but for 

interior application when laminated with PUR. It is shown that locally sourced A. zygia can be enhanced through 

glue lamination for structural joints in service class 2 according to Eurocode 5. 

Keywords: Glued joints, adhesives, Polyurethane, Tensile shear strength and Albizia zygia 
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INTRODUCTION 

 

In recent years, there has been an emergence of global 

sustainability campaign. The United Nations established 

Sustainable Development Goals (SDGs) in 2015 to 

achieve balance in economic, social, and environmental 

development by 2030 (Rosati and Faria, 2019). CO2 

emissions and environmental preservation have since then 

become the rallying points of social development (Wang 

and Wang, 2018). Wood is a preferred green building 

material because of its low carbon footprint (Martinez, 

2015) and efficient strength-to-weight ratio (Ramage et al., 

2017). However, biodegradability and dimension 

constraints limit its robust application.  Hence, due to 

these limitations, technological solutions such as glue 

lamination have been developed. Wood is a lignocellulose 

polymer, adaptable for high quality engineered wood 

products (EWP), such as glued laminated timber (glulam) 

(Ekundayo et al. 2022). Glulam, utilizing structural 

adhesives for lapped wood joints, offers superior strength 

compared to sawn timber (Nadir and Nagarajan, 2014). 

Structural adhesives have long been utilized to enhance 

the load-bearing capacity of wood products intended for 

structural use. 

Glulam is not an entirely new endeavor in Nigeria, as 

some research efforts have explored adhesive use to 

enhance properties of local wood species (Adebayo, 2020; 

Ekundayo et al., 2021; Ekundayo et al. 2022). 

Furthermore, studies on hard wood species like Albizia 

zygia indicate its durability and diverse uses, including 

structural applications (Ogunwusi, 2012; Jimoh et al., 

2017). However, despite significant interest in this wood 

species and its properties, its gluing capability for 

engineered wood products especially at joints is 

Volume 14, Issue 3S: 123-131; September 15, 2024      ISSN-2252-0430 

http://www.science-line.com/index/
mailto:ooekundayo@futa.edu.ng
https://orcid.org/0000-0003-1816-2393
https://orcid.org/0000-0001-7176-7602
https://orcid.org/


Ekundayo et al., 2024 

124 

unreported. This study therefore aims to investigate the 

performance of glued joints using industry-standard 

adhesives like polyurethane (PUR) which is important for 

structural use. Successful stress transfer at joints using 

glue lamination is critical for engineered wood product as 

this offers flexibility in design, CO2 mitigation, and 

efficient stress transfer without the typical failure modes 

common to other fastening methods such as bolts, staples, 

pins and dowels which can damage wood fibre 

extensively. 

Furthermore, Polyurethane Resin (PUR) adhesive was 

selected for this study due to its availability, versatility, 

ease of application, and compatibility with various wood 

types, including hardwood, softwoods, and modified wood 

(Shirmohammadli et al., 2023; Sastri, 2022). Notably, it 

bonds well to untreated high-moisture wood and is 

formaldehyde-free, gaining traction in the engineered 

wood product industry (Lehringer and Gabriel, 2014; 

Shirmohammadli et al., 2023). Although optimal at low 

temperatures, its bond strength weakens above 150°C 

(Sastri, 2022). PUR adhesives produce durable bonds with 

solvent and chemical resistance, offering adaptability in 

curing shapes and penetration into wood bonding sites 

(Sastri, 2022). One-part PUR can penetrate active bonding 

sites in wood for polymerization and curing to around 9.5 

mm limited only by moisture dispersion (Sastri, 2022). 

The use of wood in Nigeria is still largely rudimentary 

hence this research is an attempt at enhancing the 

mechanical performance of local wood species for what 

will be strategic in the transition to sustainable 

construction. 

 

MATERIALS AND METHODS 

 

Sample preparation  

The two major materials used for this research work 

were A. zygia timber and polyurethane resin (PUR) 

adhesive. The timber specie was sourced and sawn from 

Igbara-oke town in Ondo state of Nigeria. The wood was 

gathered as planks with the dimensions 50 mm x 300 mm 

x 3600 mm and was inspected to ensure it was free of 

defects and rot. It was thereafter transported in a pick-up 

van to the building department workshop and also Forest 

and Wood Technology workshop of the Federal University 

of Technology, Akure which is the study area located at 

7°15′0″N 5°11′42″E  as shown Figure 1 (Bing images, 

2024). The one-part polyurethane adhesive was sourced 

from Lagos, Nigeria as the bonding agent. 

Wood samples of 20 mm × 20 mm × 60 mm were 

prepared for the determination of basic physical properties 

(moisture content, density, volumetric shrinkage and 

swelling) and compressive strength test. The moisture 

content of the samples was determined by placing them in 

an electric oven at a temperature of 105°C for 24 hours. 

The weight measurements for calculating the density were 

taken using an electronic weighing balance that shows 

values up to 0.1 decimal place.  

All the mechanical properties test were done on a 

universal testing machine equipped with a computerized 

data acquisition system at the Department of Agricultural 

Engineering, Federal University of Technology, Akure. 

Wood samples with dimensions 20 mm × 20 mm × 300 

mm and 5 mm × 20 mm × 180 mm were prepared for 

bending strength and tensile strength tests respectively 

according to ASTM D143-21 (2021) Planks for producing 

glued laminated specimens were glued and clamped as 

shown in Figure 2 for 24 hours. After 24 hours, the 

samples were resized to 6 mm×20 mm×150 mm as shown 

in Figure 3 for evaluating lap shear strength. 

 

 
Figure 1. Map of the Federal University of Technology, 

Akure  

 

Figure 2. Clamping of laminates 
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Figure 3. Resized, glued joints specimen.  

 
Moisture content and density 

Moisture content was determined according to (Eq.1) 

after subjecting the green samples to oven drying for 24 

hours at 103±2°C.     

 

MC = 
𝑀𝑤 − 𝑀𝑑

𝑀𝑑
× 100                                               (1) 

Where; 𝑀𝑤 is green weight in grams; 𝑀𝑑 is dry 

weight in grams.  

Also, the wood density was determined using (Eq.2): 

ρ = 
𝑀

𝑉
        (2) 

where M is the mass of wood in kilograms; V is the 

volume of wood in cubic meter 

 

Volumetric shrinkage and swelling 

The volumetric shrinkage was determined according 

to (Eq.3) after subjecting the green samples to oven drying 

for 72 hours at 103±2°C.  

 

 𝑆𝑠 = 
𝑉𝑤 − 𝑉𝑜𝑑

𝑉𝑜𝑑
 ×  100                    (3) 

where 𝑆𝑠 is the volumetric shrinkage value; 𝑉𝑜𝑑 is the 

oven dried volume (final volume); 𝑉𝑤 is the initial wet 

volume. 

Similarly, the volumetric swelling was determined 

according to (Eq.4) after immersing dry wood samples in 

water for 72 hours. 

 

𝑆𝑤 = 
𝑉𝑤 − 𝑉𝑜𝑑

𝑉𝑜𝑑
 ×  100          (4) 

 

where 𝑆𝑤 is the volumetric swelling value; 𝑉𝑜𝑑 is the 

oven dried volume (initial volume)  

𝑉𝑤  is the final wet volume 

Bending strength 

Bending strength, was determined for a total of nine 

(9) wood samples (Figure 4). The bending strength that is 

the modulus of rupture (MOR) was determined through a 

three-point test on a universal testing machine (Figure 5) 

and calculated using (Eq 5): 

𝑓𝑏= 
3×𝑃𝑚𝑎𝑥 × L

2×𝑏×ℎ2
                             

(5) 

where: 𝑓𝑏 is the bending strength; 𝑃𝑚𝑎𝑥 is the 

maximum load; L is the loading span, b is the breadth; h is 

the thickness. 

 

           
Figure 4: Samples after bending strength test    

  

 
 Figure 5: Bending strength sample on UTM 

 

Modulus of elasticity (MOE) 

Furthermore, modulus of elasticity in bending was 

determined for the wood species using (Eq 6): 

MOE =  
PL3

4 × ∆ ×b×h
3         (6) 
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where; 𝑃 is maximum load within the limit of 

proportionality; L is span of the test specimen within the 

limit of proportionality; b is breadth of the test specimen; 

h is depth or mean thickness of the test specimen (mm); ∆ 

is the deflection within the elastic limit. 

 

Tensile strength 

Tensile strength was determined  on the wood sample 

using a universal testing machine. It is obtained using 

(Eq.7).  

𝑓𝑡 = 
𝑃

𝐴
    (7) 

where: 𝑓𝑡 is the tensile strength; P is the maximum 

tensile load; A is the cross-sectional area  

 

Compressive strength  

Compressive strength was determined on the wood 

sample using a universal testing machine. Compressive 

strength was determined using (Eq.8). 

𝑓𝑐 = 
𝑃

𝐴
    (8) 

where:𝑓𝑐 is the compressive strength; P is the failure 

load; A is the cross-sectional area of the specimen 

 

Lap shear strength 

Lap shear test was determined on the wood specimens 

(Figure 6 and 7) using a universal testing machine, 

according to EN 302-1:2013. The cross-head displacement 

control rate was 1 mm/min. With F as the applied load and 

A as the bonded area (approximately 120 mm
2
), tensile 

shear strength was then determined as the maximum stress 

at the breaking point of the material, according to (Eq.9).  

𝑓𝑠𝑡 = 
𝑃

𝐴
    (9) 

where: 𝑓𝑠𝑡 is the tensile shear strength; P is the failure 

load in tension; A is the cross-sectional area 

 

 
Figure 6. Samples on UTM.    

 
Figure 7. Wood samples after testing 

 

Accelerated aging tests (AAT) 

Accelerated aging test was carried out on the glulam 

wood sample by boiling for two hours, and freezing for 

two hours in three repeated cycles for a total of twelve 

hours (six hours for boiling and six hours for freezing). 

Then, the shear strength of the glued lapped joints 

subjected to accelerated aged glulam was tested on the 

universal testing machine and calculated using (Eq. 9). 

 

RESULTS AND DISCUSSION  

 

Density  

The mean density of A. zygia wood was 519 kg m3⁄  at 

a standard moisture content of 12%. Wood having density 

of between 500 kg/𝑚3 and 650 kg/𝑚3 is classified as 

moderately heavy (Panda., 2008). Therefore, A. zygia is 

found to be a moderately heavy wood.  

 

Volumetric Shrinkage and Swelling 

Table 1 shows the result for volumetric shrinkage and 

volumetric swelling for the wood samples. Dimensional 

stability behavior in timber is a critical design 

consideration especially for wood that is to be deployed 

for structural engineering application. Dimensional 

movements occur in timber because it is a hygroscopic 

material which responds to ambient moisture content 

within the environment. For A. zygia , the values of the 

mean shrinkage as a result of moisture loss were 1.17% for 

shrinkage and 6.52% for swelling.  The swelling values 

obtained are smaller compared to hard wood species such 

as Celtismildbraedii (11.36 %), Khayaivorensis (10.46 %), 

Meliceaeexcelsa (10.12 %), Afzeliaafricana (7.5 %) 
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(Jamala et al., 2013). It is however similar to Triplocyton 

scleroxylon (6.44 %) and 9.57 %, 8.83 % and 7.74 % for 

the top, middle and basal portion of Gmelina arborea 

according to Owoyemi et al. (2015). Based on a similar 

study by Sadiku, (2018). A. zygia is grouped as a small 

movement wood species in terms of its dimensional 

stability and falls in the same class with wood species such 

V. paradoxa, A. africana, and Ivorensis doka 

 

Table 1. Results of basic physical properties of sawn 

A.zygia 

Specimen 
Density 

(𝒌𝒈 𝒎𝟑)⁄  

Volumetric 

Shrinkage 

(%) 

Volumetric 

Swelling 

(%) 

1 458.00 1.58 6.18 

2 592.00 0.29 4.65 

3 450.00 2.04 6.25 

4 629.00 1.54 6.09 

5 608.00 0.42 9.44 

Mean 547.40 1.17 6.52 

 

Bending strength of sawn A. zygia 

The mean bending strength of A. zygia was 

53.89 N mm2⁄  at a mean moisture content of 12% is 

slightly lower than the existing range of 55.51- 86.00 

N/mm
2
 reported in literature (Adegoke et al., 2011). The 

mean bending strength complies with BS 5268 part 2 for 

D30 strength class. This implies that it is comparable to 

wood species such as Oak. The result is however lower 

than the Mozambiquan variant with an internationally 

published value of 69.75 N/mm
2
 (Mepepe (Albizia zygia) | 

ITTO, n.d). This can be due to the effect a tree’s origin has 

on its growth in response to prevailing climatic conditions. 

Fréjaville et al. (2019) observed that the environment in 

which a tree grows impacts on the tree’s phenotype thus 

leading to variations in properties, such as wood quality. 

Similarly, Munalula et al. 2016 also highlighted that wood 

quality is influenced by variations in climatic conditions 

(which also vary between different regions) affecting the 

growth of the parent tree. 

The relationship between the MOR values and density 

at 12% moisture content is shown in Figure 8. From the 

graph, it can be deduced that the higher the density, the 

higher the bending strength of wood.  

 

Modulus of elasticity of sawn A.zygia 

Table 2 shows the values of MOE for the nine 

samples of A.zygia subjected to bending strength test. The 

mean value of MOE in bending was 6106 N/mm
2 

which is 

lower than the mean values of 14092.18 N/mm
2
 and 10462 

N/mm
2 
 reported by Jimoh et al. 2017 and Mepepe (Albizia 

zygia)| ITTO, n, d) respectively. However, it is unclear in 

both cases if the 2 in standard or the 2 cm standards of BS 

373 (1957) similar to ASTM D143 (2014) was used 

Recast for clarity. However, the values reported in this 

study are in line with the 2 cm standard of BS373 (1957) 

which is similar to ASTM D143. Nevertheless, the 

calculated mean stiffness value is within the range 

specified in BS 5268 part 2 (6000 N/mm
2
 to 9500 N/mm

2
) 

for D 30 strength class. 

 

 
Figure 8. Graph of MOR against density at 12% moisture 

ontent 

 

 

Table 2: Results of Modulus of elasticity in bending 

Specimen 
Pmax 

(N) 

𝑓𝑏  

(N/mm2) 

Deflection 

(mm) 

MOE 

(N/mm2) 

1 831 40.49 4.23 5400 

2 1064 51.87 4.95 5900 

3 1060 51.68 5.06 5750 

4 1125 54.86 5.15 6000 

5 1142 55.68 4.98 6300 

6 1165 56.78 5.16 6200 

7 1187 57.87 5.26 6200 

8 1167 56.87 4.93 6500 

9 1208 58.89 4.95 6700 

Mean  1105.44 53.89 4.96 6106 

 

 

Tensile strength of sawn A.zygia 

Table 3 shows the tensile strength results at a mean 

moisture content of 12.10% check this value. The tensile 

strength of wood contributes to the engineering property 

of elements such as beams. Similarly, it ensures that wood 

structural elements subjected to large load variations can 

undergo gradual failure that give warning signs and allow 

for possible repair interventions. 
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Table 3. Tensile strength results. 

Specimen 
Failure 

load (N) 

Tensile 

strength 

(N/mm2) 

Density 

(kg/m3) 

Moisture 

content 

(%) 

1 1887 36.28 440 12.2 

2 1886.1 36.27 433 11.7 

3 1578.2 30.35 378 12.1 

4 1747.2 33.6 428 12.1 

5 1639 31.51 456 12.4 

Mean 1747.5 33.61 427 12.1 

 

Compressive strength of sawn A.zygia 

Table 4 shows the compressive strength for A.zygia 

wood specimens at a mean moisture content of 12%. The 

mean value of the compressive strength is 42.70 N/mm
2
 at 

mean moisture content of 12%. This is similar to the 

findings of Rahmon and Jimoh (2020), who recorded a 

mean compressive strength value of 36.84 N/mm
2
. 

 

Table 4. Compressive strength parallel to grain 

Specimen 
Failure 

load (N) 

Compr. 

strength 

(𝑵 𝒎𝒎𝟐⁄ ) 

Density 

(𝒌𝒈/

𝒎𝟑) 

Moisture 

content 

(%) 

1 18172.00 45.43 642.00 12.5 

2 19596.00 48.99 600.00 10.8 

3 18444.00 46.11 529.00 11.7 

4 14470.00 36.18 454.00 12.2 

5 14724.00 36.81 475.00 13.2 

Mean 17081.20 42.70 540.00 12.08 

 

Lap shear strength 

Figure 9 shows the shear strength of glue laminated 

specimens at a mean moisture content of 7.17%. There 

were notable differences between the shear strength of the 

control beams and the glue laminated specimens (Figure 

9). The glued laminated lapped joints had a mean shear 

strength of 2.32𝑁 𝑚𝑚2⁄  while the control beams had a 

mean shear strength of 1.64𝑁 𝑚𝑚2⁄ . This shows that the 

glue laminated specimens had greater shear strength than 

the control specimens. Figure 9 shows the shear strength 

of control specimens (sawn wood) at a mean moisture 

content of 7.68%. However, it was observed that the 

values obtained in this study were evidently lower than 

those reported by Olaniran et al. (2021) who used similar 

specimens downscaled from the recommendations of EN 

302:2013. The specimens in this current study were 

however further downscaled as a result of the limitation in 

the maximum thickness the jaws of the universal testing 

machine can accommodate. This clearly led to a reduction 

in the shear capacity of the wood specimen and the shear 

area of the glue line. Consequently, size effects played a 

crucial role in the shear capacity of the lapped joints as 

attested to by Sahin and Akpinar (2021). 

 

 
Figure 9. Lap shear strength of glued joints vs control 

specimen 

 

Accelerated aging test 

After three cycles of boiling and freezing the glue 

laminated specimens for a total of 12 hours, they had the 

following shear strength recorded in Table 5.  The values 

of the strength are seen to reduce as a result of repeated 

cycles of boiling and freezing which affected the glued 

joints coupled with the increase in the moisture content of 

the samples as a result of prolonged soaking in water. 

Thus, upon subjecting the samples to AAT, 45 % of the 

strength in the dry use state was lost. This aligns with the 

findings of Raftery et al. 2024 who reported general 

strength reduction in the shear strength of 1C-PUR bonded 

wood specimens subjected to vacuum-pressure soak. 

 

Table 5. Results of AAT on bonded lap joints 

Specimen 
Failure load 

(N) 

Shear strength 

(𝑵 𝒎𝒎𝟐⁄ ) 

1 375 1.25 

2 384 1.28 

3 369 1.23 

4 393 1.31 

5 390 1.30 

Mean 384 1.28 

 

Failure mode of joints  

Specimens of the lapped joints even though stronger 

than the control specimen failed along the glue lines after 

the accelerated ageing test due to the effect of repeated 

cycle of heating and freezing, wetting and drying as shown 

in Figure 10a. This demonstrates that wood joints bonded 
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with PUR adhesive under severe moisture and temperature 

exposure conditions will eventually suffer in-service 

delamination. Wood failure is the desired failure mode in 

laminated joints which was prominent in the specimens in 

the dry use condition as shown in Figure 10b. 
 

 

   
Figure 10a. glued joint between tensile loading jaw    
 

 

 
Figure 10b. wood failure in glued joints 

CONCLUSION 

Albizia zygia shows desirable characteristics for 

construction, with a density of 519.1 kg/m³ and strong 

dimensional stability, as shown by the minimal shrinkage 

values (1.17%) and swelling (6.52%). Its mechanical 

properties, including bending strength (53.89 N/mm²), 

tensile strength (33.61 N/mm²), and compressive strength 

(42.70 N/mm²), categories the wood species in strength 

class D30, which is suitable for structural applications. 

Furthermore, it’s excellent bonding properties makes its 

suitability for glued laminated timber (glulam) production, 

showing higher shear strength (2.32 N/mm²) compared to 

solid wood (1.64 N/mm²). However, after assessment 

under accelerated aging conditions, the glulam joints 

exhibited a significant strength reduction (45%), making it 

unsuitable for external use. This limits the application of 

PUR bonded A. zygia joints to internal service class 2 

application, though its potential for environmentally 

friendly engineered wood products remains promising. 
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ABSTRACT 

For many years, site development professionals and urban planners have worked in silos, yet they share a similar 

objective of providing a better built and natural environment. Moreover, there seems to be a stereotype in terms of 

focus areas; with urban planners more on the macroscale while their site development counterparts are more on the 

micro end. The two professional groups speak in different languages and use different instruments. For example, 

urban planners have introduced Geographic Information Systems (GIS) while site development professionals like 

architects, engineers, contractors, and facility managers advocate for Building Information Modelling (BIM). The 

increasing complexity of site development, their related environmental, geographical, and surrounding 

infrastructure is highly desired to support informed decision-making. Advancements in computer science and data 

technologies can make this integration easier. However, the understanding of GIS and BIM integration is still in its 

infancy, as innovative applications of their fusion is yet to be explored comprehensively. Therefore, this study 

investigates how GIS and BIM can be integrated to derive big data to support site development in Gaborone, 

Botswana. It will further propose a conceptual framework for integrating BIM and GIS for better site development 

and sustainable urban management in Gaborone. 

Keywords: Building Information Modelling, Geographic Information Systems, Sustainable Urban Management, 

Sustainable Construction Projects, BIM-GIS Integration, Conceptual Framework 
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INTRODUCTION 
 

For many years, urban planners and site development 

professionals have worked in silos, yet they have the same 

objectives of delivering better built infrastructures and 

natural environments. Despite having similar objectives, 

they speak different languages and use different 

instruments. For example, urban planners usually focus on 

macroscale projects such as city-wide information. In 

contrast, their site development counterparts are more on 

the micro end such as specific building information of a 

particular project. Therefore, this causes interoperability 

issues when these professionals share this information to 

other stakeholders involved, leading to information 

mismatch, improper documentation of developmental 

stages, and unnecessary confusions.  

Proper documentation is necessary for building 

management as there are several professionals involved in 

a construction project. Throughout a building project, 

different forms and formats of information are gathered, 

exchanged, and recorded for efficiency and effectiveness. 

Moreover, Chen et al. (2015) stress that proper 

information management is important for decision-making 

as it ensures that accurate information is always available 

on time and in the right format to the appropriate person. 

For example, a building project requires 3D models, 

material properties and quantities, map, geographic 

information, ground levels etc., which can be provided by 

technologies like Geographic information Systems (GIS) 

and Building Information Modelling (BIM). The GIS can 

be used to process and store spatial and non-spatial data of 

the construction project. While BIM can be used to 

represent and manage information for designing, 

constructing and operating buildings.   

The lifecycle of a building project comprises of initial 

plans, land acquisition, inception, finance, design, 

construction, operation, maintenance and finally 

demolition or revitalization. All these stages require data 

that GIS and BIM can adequately process and store. 

However, Lu and Tam (2013) argue that current decision-

making throughout the site development life cycle is based 

on missing, incorrect and even outdated information. Very 
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often development sites have missing information of one 

stage to another of a life cycle hence creating a disconnect 

and ‘information islands’ which can negatively impact the 

progress of the project (Lu and Tam, 2013).  

A BIM-enabled site facilitates an environment where 

professionals like architects can develop conceptual, 

schematic, and detailed designs directly in BIM software 

such as ArchiCAD and Autodesk Revit. The design would 

then be passed to engineers for engineering designs such 

as mechanical, electrical, carpentry, and plumbing 

services. During the construction and operation stage, 

various information will be generated which should be 

synchronized properly and timely in the BIM. A 

suggestion by Karan (2014) is that BIM information 

should further include the geometry of the areas of 

interest, their semantic and topological information. For 

building projects, geometric information entails the three-

dimensional form of a building such as size, shape and 

volume; while semantic information provides descriptions 

of the properties components; and topological information 

documents of the relationship between building 

components, such as sunlight emission for greenhouses, 

connectivity of rooms, their thermal requirements and 

evacuation measures, and building performance analysis 

means.  

A successful integration of GIS with BIM can lead to 

a cyber-physical system which is a concept that combines 

the physical and computational elements to facilitate 

smarter decisions of various industries including 

construction (Song et al., 2017; Wan Abdul Basir et al., 

2018; Wu and Zhang, 2016). BIM aims to form a shared, 

single and interoperable platform where site development 

stakeholders such as contractors, engineers, facilities 

managers and clients can communicate and share 

information and experiences. GIS on another note is a 

system of capturing, storing, manipulating, analyzing and 

disseminating geospatial data. It has many applications 

related to planning, engineering, transport and logistics, 

management, insurance, telecommunications and business. 

The versatility of GIS and its ‘geoinformation’ 

connotation facilitates a basic index variable for all other 

information such as cartographic information, urban 

environment infrastructure characteristics, geo-statistics, 

geotechnical conditions, rock morphology and the earth 

topography. Moreover, GIS techniques continue to 

provide avenues for scientific enquiries on sustainability, 

governance and development.  

The objective of this study is to provide insights in the 

form of a conceptual framework on the key components 

that construction professionals can focus on to sustainably 

build and manage construction projects by integrating 

BIM and GIS technologies for efficiency and 

effectiveness. Sustainable Development Goal 11 which 

emphasizes the need to make cities and human settlements 

inclusive, safe, resilient and sustainable will be the main 

anchor and guiding principle of this study.  

 

A sizeable number of research has investigated the 

integration of GIS with BIM to address issues of big data 

in construction projects in their local communities. For 

example, Han et al. (2020) discussed an application 

prospect of GIS-BIM integration technology in 

construction projects particularly in site scheduling, 

material management, and safety management of 

construction personnel. Their study revealed that the 

application of the two technologies in construction 

management can save construction cost, improve project 

safety, and facilitate a culture of collaboration of different 

disciplines and aid data sharing between stakeholders.  

An environmental information modelling framework 

was developed by Gao et al. (2020) to bridge a gap 

between GIS and BIM systems. The need to integrate BIM 

with GIS technology emanates from the notion that the 

former barely supports processes of construction supply 

chain because of its limited geospatial ability (Gao et al., 

2020). The construction industry is dependent on the 

efficient and effective delivery of materials and 

equipment, environmental protection, and proper 

management of waste products over long distances. 

Therefore, GIS provides avenues to use geospatial 

information for transportation planning, construction and 

monitoring to improve efficiency in construction projects.  

For high-rise buildings GIS and BIM have been 

integrated to address a challenge of the towering vertical 

construction method as it lacks comprehensive risk 

mitigation strategies (Elsheikh et al., 2021). The 

This study is structured as follows. Section 2 provides 

a review of literature regarding previous works that 

investigated possibilities of integrating BIM and GIS for 

various activities. In Section 3, a methodology for 

integrating BIM and GIS for sustainable construction is 

presented. A conceptual framework for integrating BIM 

and GIS for sustainable construction is then proposed in 

Section 4 which highlights key strategic areas of BIM and 

GIS integration to address challenges of Sustainable 

Development Goal 11 (SDG 11). Section 5 then discusses 

and concludes the main findings of this study and outlines 

further research directions. 

 

LITERATURE REVIEW 
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combination of the two technologies can ensure that all 

project phases are well planned for. In addition, they can 

help establish how materials are delivered to the site in a 

cost-effective manner, outlining all pertinent safety 

measures for all stages of development. Moreover, GIS 

and BIM technologies can assist project managers 

anticipate problems before they occur and outline 

plausible mitigation measures in a timely manner (Thiis 

and Hjelseth, 2008).  

A study by Hadi Hor et al. (2018) investigated 

possibilities of linking network technology with GIS and 

BIM. An intelligent Web model for urban mobile utility 

was presented with the goal of benefiting professionals on 

a wide range of methods and modalities of displaying and 

analyzing construction data on the internet. An integrated 

graph database platform was developed by Hadi Hor et al. 

(2018) which enabled professionals to interact with a 

comprehensive graph data model, perform detailed 

construction data mining spatial analysis in it for improved 

efficiency and decision-making.  

BIM and GIS integration depend on big data analytics 

to make informed decisions (Sani and Abdul, 2018). This 

refers to the practice of basing decisions on the analysis of 

data rather than purely on intuition. Big data is popular 

because it has benefits, including the power of prediction, 

and improved decision-making. Nonetheless, Lu et al. 

(2018) argue that the euphoria of big data analytics for 

BIM and GIS integration is yet to be seen in managing 

developmental sites. Even though a review of literature 

mostly paints the BIM – GIS integration on a positive 

note, there are some challenges of the two technologies 

that need to be highlighted.  

 

Challenges of integrating BIM with GIS  

Technology 

Integrating GIS with BIM for construction projects 

can be highly beneficial, but it also comes with several 

challenges which include: a) data interoperability issues, 

b) complexity of models, c) differing levels of detail, d) 

cost and resources, e) organizational silos, f) legal and 

privacy concerns, and g) change management. The sub-

sections that follow will briefly describe these challenges 

for a better understanding of their route causes. 

Data Interoperability 

Data interoperability is concerned with the creation of 

a seamless data exchange between two or more 

communication platforms. However, GIS and BIM often 

use different data formats and standards. Therefore, 

interoperability issues may arise, making it difficult to 

transfer spatial and non-spatial data between the two 

technologies (Janečka, 2019) (Figure. 1). 

 

 
Figure 1. Data interoperability issues of integrating BIM 

with GIS 

 

Complexity of models 

For large scale construction projects, BIM models can 

be complex, which can be a challenge when integrated 

with GIS data. Moreover, the need to manage and update 

these complex models while integrating them with GIS 

can require extensive computational resources and 

expertise (Wan Abdul Basir et al., 2018). 

Differing levels of detail 

It is common knowledge that GIS typically deals with 

large scale geospatial data. In contrast, BIM focuses on 

detailed building information. A desire to integrate these 

two datasets can be challenging as a result of differences 

in scale and level of detail (Zhu and Wu, 2022). Moreover, 

it can be a challenge to harmonize these datasets to ensure 

consistency and accuracy throughout the project lifecycle. 

Cost and resources 

The integration of BIM with GIS requires investments 

in technology and human resources (Sheina et al., 2022). 

Resources need to be allocated to acquire the necessary 

tools, software, to develop interoperability standards and 

train personnel to utilize the integrated system effectively 

(Han et al., 2020). This can be a stumbling block to 

smaller companies or projects with limited budgets. 

Organisational silos 

Usually, organisations are managed by different 

departments, which subsequently leads to organisational 

silos and lack of collaboration (Cilliers and Greyvenstein, 

2012). It is essential to overcome these challenges for a 

successful integration of BIM and GIS. 

Legal and privacy concerns 

GIS data can comprise of sensitive information such 

as land ownership, infrastructure details and 

environmental data. Therefore, integrating this data with 

BIM can raise some legal and privacy concerns regarding 

data ownership, exchange and security (Liu et al., 2017). It 

is crucial to ensure compliance to regulations and to 
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protect sensitive information when integrating BIM with 

GIS. 

Change management 

For organisations to implement an integrated BIM and 

GIS solution, changes in existing workflows, processes 

and organisational culture are required (Celeste et al., 

2022). It should be noted that any resistance to change 

from any stakeholder involved, or lack of buy-in from 

decision makers, and inadequate training or appropriate 

personnel can hinder the successful adoption and 

implementation of the integrated system.  

To address the outlined challenges requires 

coordinated efforts from all stakeholders involved, 

particularly industry professionals, policy makers, the 

private sector and academia. In addition, it is necessary to 

design a methodology that comprehensively addresses 

most of the challenges identified while considering 

sustainability issues, particularly those of SDG 11. 

 

MATERIALS AND METHODS: INTEGRATING 

BIM AND GIS FOR SUSTAINABLE 

CONSTRUCTION 

 

As stated earlier, the methodology of this study is  guided 

by the Sustainable Development Goal 11 (SDG 11) 

initiative which is concerned with making cities and 

human settlements inclusive, safe, resilient and sustainable 

(Bernegger et al., 2022; Moghadam et al., 2016; T. Wang 

et al., 2019). The synopsis of SDG 11 stresses that cities 

are hubs for ideas, commerce, culture, science, 

productivity, social, human and economic development. 

Additionally, it highlights that urban planning, water, 

sanitation, waste management, disaster risk reduction, 

access to information, education, and capacity building are 

all relevant issues to sustainable urban development.  

This study argues that the integrating of BIM and GIS 

technologies can address most challenges identified in 

SDG 11, particularly the following targets: a) Target 11.3 

– enhancing inclusive and sustainable urbanization and 

capacity for participatory, integrated and sustainable 

human settlement planning and management in all 

countries, b) Target 11.5 – significantly reducing the 

number of deaths and the number of people affected by 

natural disasters, including water related disasters, with a 

focus on protecting the poor and people in vulnerable 

situations, c) Target 11.7 – provision of universal access to 

safe, inclusive and accessible, green and public spaces, d) 

Target 11c – supporting least developed countries, through 

financial and technical assistance, in building sustainable 

and resilient buildings utilizing local materials.  

The following sub-sections discuss key application 

areas where BIM and GIS Integration can address the 

SDG 11 Targets outlined. 

 

BIM-GIS for enhancing inclusive and sustainable 

urbanization  

BIM plays a vital role in GIS integration (Wang et al., 

2019). It can assist many professionals to work 

simultaneously on a project reducing chances of 

miscommunication and errors while it handles its 

documentation seamlessly. It is a single source of truth for 

the project information, making sure that everyone is on 

the same page. Three Dimensional (3D) models developed 

by designers in BIM can be augmented with data for asset 

management, which can later be extracted by GIS 

(Carrasco et al., 2022). This seamless data integration 

provides a platform for contractors to visualize and 

validate data of the current project, as well as bring models 

from different projects into a federated GIS scene which 

gives clients the capability to appreciate the project in a 

3D environment. It further gives them the opportunity to 

view the design and provide insights and design guidance 

as the project moves from a schematic design to a 

conceptual design.  

With BIM and GIS one can create realistic 3D models 

that help stakeholders visualize the final product before 

the actual physical implementation. This not only helps the 

clients understand the project better, but also assists 

designers to identify and resolve potential issues before 

they become costly problems. 

BIM-GIS integration facilitates for large volumes of 

data to be extracted for the digital twin technology (Shi et 

al., 2023). Such data can then be utilized for an effective 

asset management throughout the lifecycle of an 

infrastructure project. They can provide better services for 

clients and improved workflows which makes the 

construction of a project more efficient.  

Nowadays, construction companies are exploring 

avenues to provide digital infrastructure solutions to their 

clients. This entails leveraging technology and innovation 

in the infrastructure design community to reshape the way 

in which large and most complex infrastructure projects 

are delivered. Solutions envisaged with such technologies 

include cloud-based and Web-based solutions which make 

it possible for contractors to seamlessly access, analyse 

and store large volumes of data to efficiently manage 

maintenance schedules, track asset performance and plan 

for future upgrades or renovations.   
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       BIM-GIS for a universal access to safe, inclusive 

and accessible green and public spaces 

It is crucial for design build project successes to have 

a firm grasp on the larger contextual environment vehicle 

in which it exists (Gann and Salter, 2000). BIM and GIS 

integration can help improve the way companies design, 

build, and maintain assets with consideration for the real-

world activities around them. It is essential for developing 

robust and sustainable solutions to problems like 

population growth, water scarcity and climate change. For 

example, BIM technology can be used to improve the 

management of green buildings where their various 

functions such as energy use, carbon emissions and 

ventilation analysis are used to support the sustainable 

development of buildings (Lu et al., 2017). According to 

Wang et al. (2019) the emergence of GIS-based simulation 

models can solve environmental and planning problems in 

a more accurate way for low carbon cities to test the 

impacts of urban layouts and building types. For example, 

they can be used to test the energy performance, carbon 

emissions, solar potential for urban design projects for 

sustainable urban development.  

 

BIM-GIS for reducing the number of deaths and 

people affected by natural disasters,  

BIM-GIS technologies can be used to identify, map, 

and assess locations likely to be affected by flooding 

through flood analysis computations and predictions. It 

gives users the opportunity to simulate flood occurrences 

directly in a 3D contextual model as well as animating 

those events. The determination of early flood risk 

assessments, urban floodplains and coastal areas can be 

aided by the execution of practical flood simulations along 

river lines and coastal areas (Dhiman et al., 2019). 

Through the utilization of BIM technology, a 

determination of the design of buildings, materials to be 

used and their overall structural reinforcements in such 

areas can be established. Additionally, GIS technology can 

be utilized to establish the extent to which flood water 

levels can affect buildings within a particular distance 

from the river and adequate mitigation measures outlined 

(Moreri et al., 2008). 

 

Applications of BIM-GIS in energy management to 

support least developed countries, through 

financial and technical assistance 

For building projects, sustainability includes energy 

and cost efficiency considerations. Projects that utilize 

both BIM-GIS technologies can benefit from energy 

conservation management and efficiency schemes at both 

building and city levels (Wang et al., 2019). For example, 

GIS can facilitate the development and computation of 

energy-saving methods for buildings, such as the 

assessment and quantification of energy efficiency, 

mapping energy consumption and improving the targeting 

of regional energy supplies. Technological advancements 

such as smart city developments and the Internet of Things 

(IoT) have provided an environment where contractors can 

integrate BIM and GIS to develop spatially seamless 

digital infrastructure for urban environmental analysis (Liu 

et al., 2017) and climatic adaptation of buildings (Thiis 

and Hjelseth, 2008). The increasing affordability of sensor 

networks and computation power makes it possible to 

collect large volumes of real-time data for informed 

decision making in construction projects.  

The IoT is concerned with enabling communication 

between physical and virtual devices to collect, analyse, 

exchange and disseminate construction information in 

real-time (Isikdag, 2015). It involves the utilization of 

sensors and area field communication technologies such as 

Global Positioning Systems (GPS) devices, smart mobile 

phones, and Radio Frequency Identification (RFID) 

readers to communicate with each other to create either a 

smart building or city. For example, a door in a smart 

building would connect with a fire alarm for a responsive 

and timely emergency evacuation. For a smart city, a bus 

would communicate with a bus stop in terms of estimated 

times of arrival at a particular bus stop. It is necessary for 

BIM and GIS technologies to be integrated into facilities 

management and smart city initiatives such that benefits 

associated with emergency response, urban surveillance, 

urban monitoring to smart buildings may be achieved from 

this fusion (Lu et al., 2018).    

 

RESULTS: CONCEPTUAL RAMEWORK FOR 

INTEGRATING BIM AND GIS FOR SUSTAINABLE 

CONSTRUCTION 

The conceptual framework of this study is a result of key 

targets identified in the methodology section which 

comprehensively discussed how the integration of BIM-

GIS technologies can adequately address challenges of 

Sustainable Development Goal 11 (Figure 2). The 

framework for SDG 11 outlines a thorough approach to 

transform cities and human settlements into inclusive, 

robust, safe and sustainable environments. It emphasizes 

integrated planning, resilience building, inclusive 

governance and partnerships as critical components to 

achieve sustainable urban development worldwide. 

It is anticipated that the proposed conceptual 

framework will facilitate an environment for better site 

development and sustainable urban management of 

construction projects in Gaborone, particularly addressing 

issues of SDG 11 targets. 
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Figure 2. The conceptual framework for BIM-GIS Integration for sustainable construction projects 

 

 

BIM FRAMEWORK COMPONENTS 

 

Enhanced collaboration  

BIM facilitates collaboration among project teams 

which improves information dissemination and sharing. 

Nonetheless, Wang et al. (2022) argues that challenges 

like unwillingness to collaborate, lack of standards and 

regulations inhibit effective collaboration processes in 

BIM enabled projects. Despite these challenges, BIM 

provides better communication and collaboration among 

various project members and key stakeholders for 

improved project quality and increased profits (Svalestuen 

et al., 2017). 

 

Sustainable design and construction practices 

Sustainable design and construction practices with 

BIM entail enhancing the quality of information provided 

in making critical design decisions regarding the 

environmental impact of buildings. BIM can assist in the 

following areas of sustainable design: selection of building 

orientation to reduce costs; reduction of waste and carbon 

footprints; effective water harvesting avenues; and 

reduction of material needs and increasing the use of 

recycled materials (Dowsett and Harty, 2013).  

 

Building energy models 

BIM offers an extensible medium for parametric 

information storage of Building Energy Models (BEM) 

(Elnabawi, 2020). For example, it facilitates the 

development of energy simulation processes to be 

integrated with sustainable and low energy building 

designs which include thermal zones, weather files and 

occupancy operating schedules. 
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Enhanced urban planning 

Enhanced urban planning is concerned with the 

development of smart cities. As such, BIM can help 

constructors build energy-efficient buildings in a cost 

effective manner while seamlessly sharing and exchanging 

information to all stakeholders involved (Goyal et al., 

2020).  

 

Infrastructure interconnectivity  

It is crucial to establish a real-time information source 

on a construction site. According to Hewage and 

Ruwanpura (2006) workers need opportunities to view 3D 

and 4D (with 3D timeline) drawings, technical 

information, safety information, weather updates for 

proper management of materials on site. A BIM 

information booth can give constructors onsite access to 

updated drawings, a greater degree on the utilization of 

resources and other important information related to the 

project. 

 

Documentation 

Considering BIM as a documentation option facilitates 

an environment where builders can specify and input any 

type of information into the model at any time of the 

project for sufficient consumption and use by other 

professionals in the project. However, Wan Abdul Basir et 

al. (2018) argue that it can be used negatively as a tool for 

disseminating false information. For example, software 

packages have been designed to provide default values 

which users have to modify to input actual values of a 

particular project of interest. If such information is not 

provided, default values would be deemed inaccurate for 

that project. 

 

GIS FRAMEWORK COMPONENTS  

 

3D GIS 

Three Dimensional (3D) models in GIS allow planners 

to visualize construction activities, identify potential 

sources of hazards and better plan for them prior to the 

actual implementation on the ground (Ebrahim et al., 

2016). Unlike the traditional 2D drawings, 3D models 

consider locational and spatial aspects of a project which 

are critical in developing executable construction plans 

which consider consequences of surroundings on a 

construction plan. 

 

Informed decision making 

With GIS, workers are able to access and process 

information quickly which allows them to improve 

planning and informed decision making to promote better 

organizational integration and knowledge management. 

 

Empowered urban planning 

GIS can help urban planners to simulate and evaluate 

environmental impacts of their projects for a better 

understanding of the urban environment. As a result of the 

continuous increase in the world’s population, GIS can 

further empower urban planners to design innovative 

solutions, construct energy efficient and cost-effective 

structures for local communities. 

 

Accurate site selection 

Traditional means of site selection in construction 

projects is usually done manually based on experience. 

However, the complexity of current construction projects 

and consideration of social, environmental and economic 

factors for sustainability, renders traditional means 

insufficient. Therefore, GIS techniques are critical in 

construction projects as they can produce interactive 

multi-layered maps that allow queries to be performed to 

obtain optimal solutions that meet set criteria (Bansal, 

2012).  

 

Location based services  

Locating construction assets such as equipment and 

workforce during construction is important for improving 

productivity and safety. Therefore, GIS can facilitate a 

two-way communication channel between workers and 

supervisors by tracking them in a 3D environment for 

forensic and performance analysis purposes (Shirowzhan 

et al., 2017).   

 

Regulation and permitting 

GIS can be used to produce cadastral maps overlaid 

with zoning maps to obtain insights and propose policies 

for land regulation and permitting. To recognize potential 

problematic areas, current and tentative zoning maps can 

be compared through different spatial criteria and 

thresholds for a detailed site investigation to eventually 

achieve a new zoning map (Lin, 2000). 

 

DISCUSSIONS 

 

The low accessibility of information regarding 

construction projects in Botswana are the main causes of 

inefficient actions regarding their timely execution and 

completion. For existing building projects, the lack of ‘as-

built’ documentation (building components, installations, 

materials used, etc.), the complex task of determining the 
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current status of materials used, and detailed record of 

previous maintenance work, makes it difficult for 

professionals to properly plan, schedule and make 

improvements therein such buildings. Moreover, 

construction sites can also be a source of noise and dirt 

which creates traffic congestions that impede mobility and 

cause noise pollution.  

Therefore, it is important for construction activities to 

be conducted timely using comprehensive data from BIM-

GIS integration technologies. This requires reliable and 

accurate data on the building site as a basis for 

effectiveness and efficiency in planning and building. 

These can be achieved by an adequate integration of BIM 

and GIS through the conceptual framework proposed in 

this study.  

 

CONCLUSION 

 

Big data formed from GIS and BIM is the core to the 

success or failure of a development project. Thus BIM-

GIS integration aims to create a future with an 

infrastructure that is more resilient and sustainable to 

make responsible use of the resources of our country and 

to cultivate conditions that are conducive for the growth of 

our cities and populations. This study through the 

utilization of the proposed framework, argues that the 

utilizing of BIM and GIS technologies can facilitate 

enhanced workflows and help project managers make 

quality driven decisions for sustainable construction 

projects. Since BIM is a digital representation of a 

building in the life cycle phases from design, construction, 

operation and finally maintenance, it is crucial that all 

stages are well documented and easily accessible by all 

stakeholders through a GIS platform. Future work will 

entail the implementation and evaluation of the 

effectiveness of the proposed framework in a case study 

area in Gaborone, Botswana. 
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ABSTRACT 

Sandcrete blocks represent an indispensable building material, primarily composed of sand, water, and cement as a 

binding agent. Given the significant cost associated with cement, there is a need to produce low-cement blocks that 

are economically viable and cost-effective. This challenge has prompted the exploration of alternative materials to 

reduce cement content, simultaneously addressing environmental pollution and health risks associated with 

agricultural waste in rural areas. Notable examples of such alternative materials include various agricultural waste 

components. The primary objective of this research is to establish statistical models for predicting the compressive 

strength of blocks reinforced with rice husk, guinea corn husk, maize straw, and a combination of sorghum husk and 

straw. The research findings indicate that the density of fibre-reinforced blocks decreased as the quantity of fibre 

increased. Furthermore, the compressive strength of the sandcrete blocks decreased as the fibre content increased. 

However, compressive strengths of 2.41 N/mm², 1.90, 2.40 N/mm², and 3.01 N/mm² were achieved for rice husk, 

guinea corn husk, maize-straw, and a combination of sorghum husk and straw-reinforced sandcrete blocks, 

respectively. Only sandcrete blocks with sorghum husk and straw met the Nigerian Industrial Standard 

specifications (NIS 87:2000). A water-binder ratio of 0.4 was determined as optimal for all the blocks under 

investigation. Four models with precision values higher than 4.0 were generated to predict the compressive strengths 

of the blocks. This research represents a valuable contribution to developing environmentally friendly building 

materials for the construction industry.  

Keywords: Agricultural waste; Sandcrete blocks; Statistical models; Straw.  
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INTRODUCTION 
 

Sandcrete blocks have been used in all types of masonry 

constructions in Nigeria, and other parts of the world. 

Over 90% of physical infrastructures in Nigeria are made 

with sandcrete blocks (Erakpoweri and Onah, 2022a). The 

usual requirement for a good sandcrete is its satisfactory 

compressive strength, however, research has shown that 

the compressive strength of sandcrete produced 

commercially in several parts of Nigeria, is below the 

recommended standard as stipulated in the Nigerian 

Industry Standard (NIS 87:2000, 2000). According to 

Anosike and Oyebade (2012) and Ajao et al. (2018), 

sandcrete manufacturers in Nigeria do not adhere to the 

guidelines for sandcrete production as stipulated by the 

Standard, and this could be traced to poor implementation 

and monitoring on the part of the Standard Organization of 

Nigeria (SON) to ensure adherence to the code 

(Erakpoweri and Onah, 2022a). Sandcrete blocks are made 

of natural sand, water, and a binder. The costliest 

component in the production of sandcrete blocks is 

cement, which is the binder (Awolusi et al., 2021). 

Utilizing alternative stabilizers made from less expensive 

local materials will greatly enhance the production of 

sandcrete blocks with the desired properties at a low cost. 

In addition, it will significantly reduce construction costs 

and production costs (Alejo, 2020).  

Rice husk (RH) has distinct physical and chemical 

characteristics, such as a high ash and silica content, 

making it useful for industrial processing. Numerous 

studies have demonstrated the use of RH as fuel for a 

variety of purposes (Kaviyarasu et al., 2016; Shen et al., 

2014). Oyetola et al. (2006) and Khan et al. (2021) studied 

the possibility of using Rice Husk Ash (RHA) in the 

production of sandcrete blocks and reported that the 

water/cement ratio increases with rice husk ash contents 
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and that up to 40% RHA could be added as a partial 

replacement for cement without any significant change in 

compressive strength at 60 days and 28 days respectively. 

Maize straw fibre is a natural and renewable 

agricultural by-product derived from the stalks of maize 

(corn) plants. It is a versatile and eco-friendly material that 

has gained attention in various industries, including 

construction, packaging, and textile (Rahman et al., 2023; 

Saba et al., 2015). Various studies have been conducted 

using maize straw fibre in engineering; Odeyemi et al. 

(2022) conducted a study on maize straw-reinforced 

sandcrete blocks and found that incorporating 5% maize 

straw resulted in the highest compressive strength after 28 

days. This strength was found to meet the 

recommendations of the Nigerian Industrial Standard. 

Odeyemi et al. (2017) investigated the effect of straw 

reinforcement on clay bricks. Their study revealed that 

adding straw to clay bricks at a water-clay mixing ratio of 

0.15 increased the compressive strength of the bricks by 

148%.  

Guinea corn husks are byproducts remaining after the 

extraction of guinea corn seeds. These husks typically end 

up as non-biodegradable waste in landfills, contributing to 

environmental pollution (Adediran et al., 2019). Odeyemi 

et al. (2020) conducted a study to assess how guinea corn 

ash influenced the mechanical attributes of lateritic 

concrete when used as a substitute for Ordinary Portland 

Cement (OPC). The most effective blend was determined 

to be 20% Guinea Corn Husk Ash (GCHA) combined with 

80% OPC, which yielded an elevated compressive 

strength of 18.78 N/mm
2
.  

Sorghum, comprising 25 species of flowering plants, 

is a robust grass that can reach heights of up to 4.6 meters 

(Xiong et al., 2019). Information obtained from Statista 

(2023) indicates that Nigeria ranks as the world's second-

largest sorghum producer, generating an annual production 

of 6.7 million metric tons (Oladehinde Oladipo, 2023). 

Tijani's (2020) research delves into the utilization of 

Sorghum Husk Ash (SHA) as a viable substitute for 

cement in the production of sandcrete blocks. The 

inclusion of SHA is found to enhance compressive 

strength while maintaining an acceptable level of block 

density and water absorption. 

Though researchers have studied the use of straw and 

ashes in sandcrete blocks, there are no results on the 

optimization of these straws in the blocks nor are there 

models that can predict the strength of the blocks 

containing the straws. To bridge this gap, this research 

developed statistical predictive models for the 

compressive strength of agricultural waste-enhanced 

sandcrete blocks. 

MATERIALS AND METHODS 

 

This section enumerates the materials used and the 

methods adopted in getting the results for this research. 

 

Materials 

Portland Limestone Cement (PLC) of Dangote cement 

brand with grade 42.5R which complied with BS 8500-1 

(2023) was used. The Sharp sand, which conformed to the 

specifications in BS EN12620 (2013) was locally sourced 

from Malete, Kwara state, Nigeria. The potable water used 

was free from impurities. Rice husk, Sorghum husk, 

Guinea corn husk, maize and sorghum straws were 

sourced locally from Oja Oba, Ilorin, Kwara state, Nigeria. 

The straws were broken into small sizes of about 10 

centimetres.  

 

Mix proportion 

The experiment was designed using the Design Expert 

software package (Version 13) to optimize the agro waste 

(ranging from 5% to 10%) and the water-cement ratio 

(from 0.4 and 0.6) through a Response Surface 

Methodology (RSM) within a Central Composite Design 

(CCD). The agro-waste materials were incorporated into 

the sandcrete mix of ratio 1:6 (cement-to-sand ratio). 

Before conducting the laboratory experiments, 

combinations were systematically designed as required by 

CCD. In the first part of the study, two independent 

variables were considered: the specific agro-waste 

materials (Guinea corn husk, rice husk, and maize straw 

fibre) and the water-cement ratio. This led to 13 

experimental runs aimed at measuring compressive 

strength. In another part of the study, a similar procedure 

was followed for a combination of sorghum husk and 

straw with a fixed water-cement ratio. This part produced 

14 experimental runs to assess the compressive strength, 

water absorption, and density of the sandcrete block. 

Figure 1 shows a typical designed experiment interface in 

the Design Expert software package.  

A manual method of mixing was adopted in 

producing the blocks of 225 mm × 225 mm × 450 mm 

size.  Afterwards, the blocks were cured for 28 days by 

full immersion in water before testing for their strengths.  

 

Property determination 

The density of each block was calculated by finding 

the fraction of the volume of the blocks to its weight 

following BS EN 772- 13 (2000) as shown in (Eq. 1). 

 

Density =
Weight of the block (kg)

Volume of block (m3)
  (1) 

The strengths of the blocks were determined using a 

STYE-2000 Analogue type compression testing machine 

with serial number 131010  (Figure 2) supplied by Okhard 

Machine Tools, Lagos, Nigeria at the Kwara State 

Ministry of Works' Works and Transport laboratory, 

Ilorin, Nigeria. 
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Figure 1. Design interface for Sorghum husk and  

sorghum straw. 

 

 
Figure 2. Compressive strength test 

 

The compressive strength was determined using (Eq. 2). 

Compressive strength =
Maximum load (kN) × 1000

Cross− sectional Area (mm2 ) 
   (2) 

The water absorption capacity for the blocks was 

determined at the concrete laboratory of the Department of 

Civil Engineering, Kwara State University, Malete, 

following the specifications in BS EN 772-21 (2011) and 

calculated using (Eq. 3).  

Water absorption (%) =  
𝑀𝑤− 𝑀𝑑

𝑀𝑑
 𝑋 100   (3) 

 

Model formulation 

The statistical models were constructed using the 

Design Expert software package utilizing the multiple 

linear regression technique. As illustrated in (Eq. 4), the 

models depict a relationship involving Y, 𝑋1, and 𝑋2: 

 

𝑌 =  𝑎 +  𝑏𝑋1  +  𝑐𝑋2  +  𝜖    (4) 

Y represents the dependent variable, X1 and X2 

represent the independent variables, ϵ represents the error 

term, while a, b, and c are the coefficients within the 

regression equations (Erakpoweri & Onah, 2022b). 

 

RESULTS AND DISCUSSIONS 

 

Density result 

Graphs 1 and 2 show the 3D relationship between the 

sorghum husks and straws with density and water 

absorption respectively. The graphs reveal that increasing 

the volume of both husk and straw in the blocks led to a 

reduction in the density and an increase in the water 

absorption capacities of the blocks. These results conform 

with the submission of Odeyemi et al. (2021).  

 

 
Graph 1. Relationship of sorghum husks and straws with 

density 

 
Graph 2. Relationship of sorghum husks and straws with 

water absorption 
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Compressive strength results 

Graphs 3 (a-d) depict the relationship between water-

cement ratio, volume of agro waste and compressive 

strength for rice husk, maize straw fibre, guinea corn husk, 

sorghum husk and straw respectively. The addition of the 

straws in the blocks adversely affected the strength of the 

blocks. This could be due to the straws taking up some of 

the spaces that the sandcrete mortar could have occupied. 

The increase in the water-cement ratio equally led to a 

decline in the strength of the blocks. This is consistent 

with results from the literature (Neville, 2011; Odeyemi, 

2021). 

(a)              (b)  

(c)         (d)  

Graph 3. Relationship between water-cement ratio, agro waste and compressive strength (a) rice husk (b) maize straw fibre 

(c) guinea corn husk (d) sorghum husk and straw 

 
Table 1. Optimized values of agro-waste incorporation in sandcrete blocks 

Agro-waste Quantity (%) 
Water-cement 

Ratio 
Density 

Water 

absorption 

Compressive 

Strength 
Desirability (%) 

Rice Husk 10 0.4 - - 2.41 100 

Guinea corn husk 4.70 0.4 - - 1.90 59 

Maize straw 10 0.4 - - 2.40 78 

Sorghum Husk 4 
0.4 1841 1.75 3.01 81 

Sorghum straw 6 
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Optimization 

From the 28th-day results for the blocks containing 

the various straws, an optimization process was conducted 

on the sandcrete blocks. The goal was to maximize the rice 

husks/straw content and compressive strength while 

minimizing the water-cement ratio. The optimized 

combination, strength obtained and the desirability value 

are presented in (Table 1). The optimized chart for the 

combined sorghum husk and straw sandcrete is shown in 

Figure 3. Only sandcrete blocks with sorghum husk and 

straw met the Nigerian Industrial Standard (NIS 87:2004, 

2004) specifications for non-load bearing walls. However, 

the reported strengths are higher than the ones produced 

by the eight block industries reported by Odeyemi et al. 

(2018). 

 

 
Figure 3. Optimization of sorghum husk and straw 

 

Model equations 

Equations 5-8 relate the compressive strength to the 

various agro-wastes and water-cement ratios.  

𝐶 =  8.2478 −  0.0946𝑅 −  22.75𝑊 −  0.005𝑅𝑊 +

 0.0058𝑅² +  22.75𝑊²    (5) 

𝐶 =  3.10 −  0.023𝐻 −  0.015𝑆 +  0.0046𝐻𝑆 −

 0.0034 𝐻2  −  0.0062𝑆2    (6) 

𝐶 =  7.54 −  0.52𝑀 −  17.6𝑊 +  0.675𝑀𝑊 +

 0.0138𝑀2  +  16.25𝑊2       (7) 

𝐶 =  0.6477 −  0.1728𝐺 +  7.1846𝑊 +  0.15𝐺𝑊 +

 0.0012𝐺² −  7.0𝑊²    (8) 

Where C = Compressive strength, R, H, M and G = 

Percentage of rice, sorghum, maize  and guinea corn husks 

respectively, S = Percentage of sorghum straw and W = 

Water-cement ratio. 

 

Model validation  

All the models yielded a precision value higher than 

4.0 (Table 2), indicating a satisfactory signal-to-noise 

ratio. This suggests that the models are dependable for 

guiding design exploration, thus validating the models. 

 

Table 2. Fit statistics of all the models 

Statistical 

parameter 

Rice 

husk 

Sorghum 

husk and 

straw 

Guinea 

corn 

husk 

Maize 

straw 

fibre 

Adeq 

Precision 
5.76 10.9761 33.3233 5.75 

 

CONCLUSIONS  

 

The following conclusions are made from this research: 

1. The addition of rice, sorghum, guinea corn maize 

husks and sorghum straw lowers the compressive strength 

of sandcrete blocks. 

2. Optimized strengths of 2.41 N/mm
2
, 1.90 N/mm

2
, 

2.40 N/mm
2
, 3.01 N/mm

2
, were obtained for sandcrete 

blocks containing rice husk, guinea corn husk, maize straw 

and sorghum husk combined with sorghum straw 

respectively. 

3. The strengths of sandcrete blocks containing rice, 

guinea corn, maize straw husks, and sorghum husks 

combined with sorghum straw were predicted using 

statistical models.  
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ABSTRACT 

Building footprints are essential for planning and designing new infrastructure like water reticulation, electricity 

transmission, sewer, and road networks. They are also necessary for delivery, census, and disaster management. It is 

therefore important to have up-to-date maps and GIS databases for service provision. However, mapping building of 

footprints in semi-informal settlements is problematic because of the spatial heterogeneity of settlements. This study 

evaluates three non-parametric machine learning algorithms for extracting building footprints from WorldView-2 

(WV2) satellite imagery in a semi-informal settlement. WV2 satellite imagery data was fused with gray-level co-

occurrence matrices (GLCM) to enhance building extraction. The algorithms used include the Gaussian Mixture 

Model (GMM), Random Forest (RF), and Support Vector Machine (SVM). The results indicate that GLCM does 

not improve the detection of buildings when using the GMM algorithm, but it increases building detection with RF 

and SVM. The GMM algorithm achieved the highest average accuracy of 92% for building detection. However, 

SVM and RF have an overall accuracy of 79% and 70% respectively. Though RF did not perform very well in 

identifying individual buildings, its overall accuracy was high. The outcome indicates that machine learning 

algorithms can adequately map building footprints from high-resolution satellite imagery. 

Keywords: Building detection, WorldView-2, machine learning, Gray-Level Co-Occurrence Matrix (GLCM) 
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INTRODUCTION 
 

Rapid urban development in developing countries has led 

to the emergence of informal settlements (Hofmann et al.; 

Mboga et al. 2017; Matarira et al. 2022). UN-Habitat 

(2015) defines informal settlements as residential areas 

where (i) there is no security of tenure; (ii) basic services 

are not available, and (iii) housing is not compliant with 

current housing and planning regulations. Shortage of 

basic engineering services, such as water, sewerage and 

solid waste removal can lead to undesirable living 

conditions. These services are crucial for attaining the 

global SDGs, local policies (i.e. Vision 2036), disaster 

management, and management of humanitarian crises. 

However, it is difficult to provide basic services because 

of a shortage of spatial data in informal settlements. 

Spatial information is required to improve understanding 

of settlement morphology, population distribution and 

emerging settlement patterns, which are necessary for 

decision-making and planning (Mboga et al., 2017). It is 

therefore critical to have up-to-date maps and GIS 

databases for better service provision and to identify and 

quantify services and infrastructure. Conventional, ground 

surveys and photogrammetry, mapping techniques have 

been used to gather spatial information. However, they 

(ground surveys and photogrammetry) are expensive, 

resource-intensive and time-consuming resulting in data 

unavailability and information gaps (Mudau and 

Mhangara, 2021). Consequently, there is a need for 

methods that can generate reliable and consistent data on 

the spatial distribution of built-up areas and building 

structures. 

Earth Observation (EO) provides an alternative to 

conventional mapping. EO allows for the collection of 

continuous spatial data in satellite images. Technological 

advances in EO have led to the availability of high-

resolution images, which can be leveraged in mapping 

complex areas like informal settlements. High-resolution 

imagery has been used in several studies for the extraction 

of human settlements (Hofmann et al.; Mboga et al., 2017; 

Shafizadeh-Moghadam et al., 2021), land use and land 

cover (LULC) (Tassi and Vizzari, 2020; Vizzari, 2022), 
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and building detection (Zhao et al., 2018; Khatriker and 

Kumar, 2018). In the building detection studies, Zhao et al. 

(2018) used convolutional neural networks while 

(Khatriker and Kumar, 2018) used image segmentation. 

Accordingly, various methods are used in building 

footprint extraction, the basic layer in a spatial database. 

Feature extraction from remote sensing imagery data 

can be done through visual image interpretation, 

traditional pixel-based classification, Object-based image 

analysis (OBIA) and machine learning techniques (Mudau 

and Mhangara 2021). Informal settlements are 

characterised by small buildings, less vegetation, and 

irregular patterns, hence visual interpretation is labour-

intensive and time-consuming. OBIA yields better 

classification results, however, it requires high 

computational power and proprietary imaging software 

(Vizzari, 2022). Machine learning algorithms have also 

been found to produce good results and are easily 

available. According to Sheykhmousa et al. (2020), 

Random Forest (RF), Support Vector Machines (SVM), 

and deep learning algorithms are the most used 

classification methods. Deep learning techniques can 

retrieve complex patterns and informative features from 

satellite images. However, they are highly dependent on 

the amount of data. RF and SVM, on the other hand, have 

been found to learn tasks from a small amount of data, but 

with competitive results to deep learning  (Mboga et al., 

2017). GLCM indices are normally used to improve 

machine learning classification. For example, Burnett et 

al. (2019) mapped the extent of coconut using a 

combination of WorldView-2 (WV2) imagery and GLCM 

textures. While Pantoja et al. (2023) conducted LULC 

classification using GLCM and Landsat 8 imagery.  

This study proposes to use machine-learning 

classifiers, GMM, RF, and SVM, to map building 

footprints in Old Naledi, an informal settlement in 

Gaborone, Botswana, using WV2 satellite imagery. To 

achieve this the study will (i) investigate the significance 

of GLCM texture features in detecting building footprints 

from WV2 images and (ii) explore the performance of 

machine-learning classifiers in extracting building 

footprints.  

 

MATERIALS AND METHODS 

 

Study area 

Old Naledi, known as “Zola”, was chosen as the 

study area. It is located at the southern tip of Botswana’s 

capital, Gaborone (Figure 1).  “Zola” covers a total area of 

around 159 hectares. The population is 18,050 as of the 

2022 census (Statistics Botswana 2022). The origin of Old 

Naledi can be traced to the construction of Gaborone 

industrial areas in 1964 (Van Nostrand 1982). The area 

lacks proper street arrangements and public sanitation 

facilities. It is comprised of low-income housing which 

emerged as a semi-informal settlement and is an area with 

high crime rates in Gaborone. For planning and upgrading 

the area, the up to date topographical and building 

footprint is required.  

 

 

 
Figure 1. Study area showing (a) Botswana, (b) Gaborone 

and (c) Old Naledi 

 
Methodology 

Figure 2 shows the process used in extracting 

buildings from high-resolution satellite images. The 

workflow includes image composition, textural analysis, 

machine learning (ML) image classification, and accuracy 

assessment. The first step is to acquire high-resolution 

images from WV2 and pre-process the image to a 

multispectral image (MSI). To improve the resolution of 

the MSI image, pan-sharpening is applied using the 

panchromatic band of WV2 imagery.  

The second stage involves calculating texture metrics 

using the GLCM technique. The GLCM indices are 

integrated with the pan-sharpened image input into ML 

algorithms (GMM, RF, and SVM) to classify the image 

pixels into buildings, bare soils, trees, roads, and grass. 

Finally, an accuracy assessment is conducted using the 

classification metrics outlined in the Accuracy Assessment 

Section. 

(a

) 

(b) 

(c) 
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Figure 2. Flowchart of informal settlement classification 

using machine learning 
 

Table 1. World View-2 spectral bands 

Spectral band 
Wavelength  

(nm) 

Resolution 

(m) 

Coastal Blue 400 - 450 1.84 

Blue  450 - 510 1.84 

Green 510 - 580 1.84 

Yellow   585 - 625 1.84 

Red 630 - 690 1.84 

Red Edge 705 - 745 1.84 

Near Infrared 1 770 - 895 1.84 

Near Infrared 2 860 -1040 1.84 

Panchromatic 450 - 800 0.46 

 

Image composition 

WorldView-2 (WV2) satellite imagery was used as 

the primary data source. WV2 is a DigitalGlobe satellite 

sensor launched in 2009 (Belfiore and Parente 2016). The 

sensor provides eight spectral bands and a high-resolution 

panchromatic band (see Table 1). This study utilized the 

red, green, blue, Near Infrared 1 (NIR1), and 

panchromatic (PAN) bands of WV2 imagery. A 

multispectral image (MSI) is created by combining four 

low-resolution multispectral bands (Red, Green, Blue and 

Near Infrared 1 (RGBNIR)) through layer stacking (Figure 

3(a)). By combining datasets with different signatures, 

layer stacking can improve the analysis and interpretation 

of the data and allow the visualisation of complex data. 

The RGBNIR MSI image created above is a colour 

image with a spatial resolution of 1.84 m, and at this 

resolution, some objects will not be visible. On the other 

hand, the WV2 Panchromatic band is a monochrome 

(black and white) image with a spatial resolution of 0.46 

m. Thus, the PAN image lacks a realistic true view of the 

world. The two images can be fused to produce an 

enhanced image with a high spatial and spectral resolution 

through a process called pan-sharpening (Li et al. 2017). 

Pan-sharpening reveals more information than the 

individual input image, as the image will be rich in 

spectral content and have high resolution (Fig. 3b). 

 

Gray-level co-occurrence matrix (GLCM) 

textural features 

Textural features are important for classifying data 

with low inter-class variability (Burnett et al. 2019) as 

they improve classification and avoid fuzziness (Matarira 

et al. 2022). The GLCM algorithm is widely used in 

extracting textural data from remote sensing data 

(Khatriker and Kumar 2018; Shafizadeh-Moghadam et al. 

2021; Matarira et al. 2022). GLCM is used in the 

computation of spatial dependence of grey levels in an 

image, it creates a matrix describing the frequency of the 

appearance of individual pairs of values in a specific 

image fragment. GLCM textures can be extracted from a 

single multispectral band, a composite of multispectral 

bands, or a panchromatic band. The WV2 PAN band was 

used, because of its high spatial resolution. Seven textural 

features were extracted from the WV2 PAN, including 

mean, contrast, variance, second moment, entropy, 

homogeneity, and dissimilarity. The description of the 

textures is presented in Table 2. 

 

 
Figure 3. WorldView-2 satellite images (a) RGBNIR image and (b) pan-sharpened image 
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Table 2. GLCM features calculated from PAN band and their descriptions 

 GLCM Texture Texture Group GLCM Texture Description 

1 Mean Statistical  Measures the mean of the gray level sum distribution of the image 

2 Contrast  Contrast  Measures the contrast based on the local grey level variation 

3 Variance  Statistical  
Measures the dispersion of the grey level distribution to emphasize the visual 

edges of land-cover patches 

4 Second Moment Orderliness  Measures the uniformity or energy of the grey level distribution of the image. 

5 Entropy  Orderliness  Measures the degree of the disorder among pixels in the image 

6 Homogeneity  Contrast  Measures the smoothness (homogeneity) of the image 

 

Image classification using machine learning 

As mentioned, three non-parametric algorithms are 

applied for the pixel-based image classification, and these 

are GMM, RF, and SVM. Input data to the machine 

learning algorithms is the MSI image alone and the seven 

(7) GLCM textural indices layer-stacked consecutively on 

the MSI. Therefore, eight (8) input data sets are utilized 

(Table 3), resulting in 24 classifications. 

 

Table 3. layer-stacked data inputs to ML classification 

algorithms 

Input Image  

1 MSI 

2 1 + Mean  

3 2 + Variance 

4 3 + Contrast 

5 4 + Second Moment 

6 5 + Homogeneity 

7 6 + Entropy 

8 7 + Dissimilarity 

 

Gaussian mixture model (GMM) 

The GMM model is an unsupervised clustering 

method that groups subpopulations of a population based 

on the Gaussian distribution (Wan et al. 2019). The model 

is composed of multivariate Gaussian components. GMM 

is then used to distribute data points to the Gaussian 

components. Equation 1 below represents the GMM 

model. 

𝑃(𝑥) = ∑ 𝜋𝑖𝒩(𝑥|𝜇𝑖, Σ𝑖)
𝑘

𝑖=1
 #(1)  

 

were 𝑃(𝑥) is the probability of pixel x, 𝐾 is the 

number of components in the mixture, 𝜋𝑖 is the weight of 

the 𝑖𝑡ℎ component, 𝒩(𝑥|𝜇𝑖 , Σi) is the Gaussian 

distribution, 𝜇𝑖 is the mean vector and Σ𝑖  is the covariance 

matrix. The matrix weight must satisfy the condition 

∑ 𝜋𝑖 = 1𝐾
𝑖=1  (Menezes and Poojary 2020). 

 

Random forest (RF) 

RF is a non-linear, tree-based, supervised machine-

learning algorithm that was proposed by Breiman (2001) 

in 2001.  It is an ensemble learning (multiple classifier 

systems) technique capable of performing both 

classification and regression analysis (Rahaman et al. 

2019). Sub-samples or decision trees are selected through 

bootstrapping to ensure diversity in the decision trees. The 

decision trees are then trained through bootstrap 

aggregation (bagging) to build a model, which guarantees 

independence among the trees. The models from each 

decision tree are combined to arrive at the final model. 

Observations that are not used in a bootstrap sample, 

which are called “out-of-bag” (OOB), are used for error 

calculation and variable importance (Cutler et al. 2012). 

 

Support vector machine (SVM) 

SVM is a supervised machine learning algorithm for 

finding the optimal hyperplane that separates a dataset into 

predefined classes by using training data (Sheykhmousa et 

al. 2020).  In SVM, the goal is to increase the margin of 

training data closest to the hyperplane from each class 

(Foody and Mathur 2004). The margin is the distance of 

training samples closest to the optimal boundary, the 

samples known as support vectors. The advantages of the 

SVM are that it is well suited to small complex data and 

high dimensional spaces.  

 

Accuracy assessment 

Classification accuracy assessment was computed 

from the confusion matrix, which is commonly used in 

evaluating classified maps (Barsi et al. 2018; Tassi and 

Vizzari 2020; Vizzari 2022). The matrix shows the number 

of true positives (TP) for a correct prediction, true 

negatives (TN) for a correct rejection, false positives (FP) 

for an incorrect prediction, and false negatives (FN) for a 

true rejection. The matrix allows for quantitative analysis 

of the classification using metrics in equations 2 - 5.  

𝑈𝐴 =
𝑇𝑃

𝑇𝑃 + 𝐹𝑃
 #(2)  

 𝑃𝐴 =
𝑇𝑃

𝑇𝑃 + 𝐹𝑁
#(3)  

𝐹 − 𝑆𝑐𝑜𝑟𝑒 = 2
𝑈𝐴 × 𝑃𝐴

𝑈𝐴 + 𝑃𝐴
 #(4)  

 𝑂𝐴 =
𝑇𝑃 + 𝑇𝑁

𝑇𝑃 + 𝐹𝑃 + 𝑇𝑁 + 𝐹𝑁
#(5)  
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where 𝑃𝐴 is the producer’s accuracy, 𝑈𝐴 is the user 

accuracy mearing the, OA is the overall accuracy. PA gives 

the ratio of the true detected pixels against the building 

pixels and is related to omission error (1 − 𝑃𝐴). UA is the 

ratio of detected pixels against all detected pixels and is 

concerned with the commission error (1 − 𝑈𝐴). The F-

score is a more sensitive and specific measure of the 

reliability of a classifier as it combines PA and UA. 

 

RESULTS AND DISCUSSION 

 

Significance of GLCM textures 

Figure 4 shows an extract from the classification for 

each input and classification model. The figure shows 

more detail for input 1 (MSI) and less for inputs 2 – 8, 

which were layer-stacked with GLCM textures, in the 

GMM classification. This could indicate that GLCM 

textures cause GMM to overfit or underfit the data. For the 

RF algorithm, all images are similar showing that GLCM 

textures have less influence on building extraction. The 

SVM classification shows more detail when GLCM 

textures are layer-stacked on the RGBNIR image. Thus, 

GLCM textures improve SVM classification. 

Table 4 shows the quantitative classification analysis 

for each input data and classification model. Table 4 

confirms the results in Figure 4 results, from which it is 

evident that GLCM texture reduces the predicting power 

of GMM. When textures are introduced, the sensitivity of 

prediction is reduced as shown by the low PA values. The 

variation of PA and UA values is small for the RF 

classification, hence GLCM textures have less impact on 

RF building detection. SVM classification shows fewer 

false hits for input 3 (MSI + MEAN + CONTRAST) with 

a PA value of 99.28%. Contrast, entropy and dissimilarity 

reduce the predicting power of SVM.  

The F-score and OA (Table 4 and Figure 5) show that 

the input with the best precision, sensitivity, and accuracy 

was input 1 for GMM and input 3 for SVM. Therefore, 

inputs 1 and 3 are selected as the representatives of the 

GMM and SVM models respectively.  

For RF the inputs with the highest values differ, input 

7 has the highest F-score value whereas input 6 has the 

highest OA value (Table 4 and Figure 5). As OA is the 

accuracy of a classifier for all classes, input 6 is selected 

as the representative for the RF model. According to 

Figure 6, RF is more consistent in identifying the different 

classes and is more appropriate for the classification in this 

area. 

 

 
Table 4. Classification results of the different models 

 

Input 
GMM RF SVM 

PA (%) UA (%) F-score (%) PA (%) UA (%) F-score (%) PA (%) VA (%) F-score (%) 

1 99.3 99.47 99.38 99.51 99.51 99.51 99.12 98.48 98.80 

2 97.77 99.35 98.55 99.04 99.61 99.32 98.64 99.53 99.08 

3 97.51 99.00 98.25 99.26 99.76 99.51 99.28 99.36 99.32 

4 97.18 98.74 97.95 99.57 99.82 99.69 98.08 99.55 98.81 

5 94.23 89.51 91.81 99.49 99.90 99.69 99.20 98.97 99.08 

6 93.65 89.30 91.42 99.59 99.92 99.75 98.88 99.28 99.08 

7 93.65 89.30 91.42 99.79 99.96 99.87 98.93 99.01 98.97 

8 93.44 89.26 91.30 99.45 99.69 99.57 98.89 98.89 98.89 

Figure 4. Classification results from the three models (GMM, RF, and SVM). The numbers on the left indicate the layer-

stacked datasets derived from Table 3 
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Figure 5. Overall accuracy of the classification. Input 1 is 

the WV2 RGBNIR image. Inputs 2 - 8 contain input 1 

layer-stacked with textural features 

 

Validation of building extraction  

Three different portions were selected from the 

reference raster figure and compared with the best 

classification results from each model. The selected  

portions had a high ratio of buildings. For GMM the 

best classification used MSI as input, whereas for RF the 

best classification was input 6, which has MSI + Textures 

(Mean, Variance, Contrast, Second Moment, and 

homogeneity). Input 3, which had MSI + Textures (Mean, 

Variance, Contrast) gave the best classification for the 

SVM algorithm; hence it was used here. Pixel differences 

were calculated between the two raster layers, reference 

and classified image, to find the error of building detection 

from each algorithm. Consequently, giving the accuracy of 

each model. 

Figures 6–8 show the prediction errors from each 

algorithm and portion. A visual inspection of the images 

indicates that GMM gave superior results, followed by 

SVM and RF. RF shows misclassifications especially at 

the boundaries even though the input image had GLCM 

textural indices. In terms of building edge detection GMM 

and SVM gave good results. On the other hand, RF was 

not able to identify the building edges especially on 

portion 2 and 3. 

Quantitative analysis indicates that GMM had fewer 

prediction errors with an average accuracy of 92.38% for 

all the portions. The highest accuracy of GMM was in 

portion 3 at 99.8%. RF and SVM had average accuracies 

of 70.53% and 79.26% respectively. Portion 1 results were 

the most accurate, with the lowest accuracy of 86.5% for 

SVM (Figure 6). Portion 2 (Figure 7), which had a high 

density of buildings, had the lowest accuracy for all the 

models at 82.90%, 64.78%, and 54.5% for GMM, SVM, 

and RF respectively.  

 

 

 

 

 
Figure 6. Classification results for image portion 1. (a), (b), and (c) are classification results for GMM, RF, and SVM 

respectively. Errors of the models are (d) GMM, (e) RF, and (f) SVM 
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Figure 7. Classification results for image portion 2. (a), (c), and (e) are classification results for GMM, RF, and SVM 

respectively. Errors of the models are (b) GMM, (d) RF, and (f) SVM. 

 

 

 
Figure 8. Classification results for portion 3. (a), (c), and (e) are classification results for GMM, RF, and SVM respectively. 

Errors of the models are (b) GMM, (d) RF, and (f) SVM. 

 

CONCLUSIONS 

 

The study has shown that integrating remote sensing and 

machine learning can adequately map informal 

settlements. The current results demonstrate that GMM 

performs poorly with textural indices, whereas RF and 

SVM need textural indices to classify features on an 

image. The highest OA for RF and SVM of 99.90% and 

99.78% respectively, were obtained when textural indices 

were fused into the WV-2 image. RF performed 

exceptionally well in detecting different classes in the 

image. However, RF did not perform well in extracting 

building footprints with an average accuracy of 70.5%. 

The model that performed well in detecting building 
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footprints was GMM with an accuracy of 92.4%. The 

outcome of settlement maps from this study was 

satisfactory, hence remote sensing and machine learning 

could be used in mapping traditional villages as they have 

the same spatial structure as informal settlements. 
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ABSTRACT 

Fluoride is well-known for its role in preventing dental issues and promoting strong teeth and bones. It is commonly 

found in water, tea, and fluoridated toothpaste. The World Health Organisation recommends fluoride concentrations 

between 0.5 mg/L to 1.50 mg/L in water. Excessive fluoride intake can lead to dental fluorosis which affects tooth 

enamel. This study aimed to investigate fluoride levels in different water sources within selected villages of 

Ngamiland and Central Boteti districts and assess dental fluorosis prevalence among the residents. Our objectives 

were to measure fluoride concentrations in various water sources, evaluate the impact of pH and salinity on fluoride 

levels, and determine the link between fluoride concentration and dental fluorosis prevalence. Water samples were 

analyzed for fluoride concentration, pH, and salinity using ion chromatograph, pH meter, and conductivity meter, 

respectively. Interviews were conducted in Maun, Tsau, Toteng, and Motopi regarding dental fluorosis prevalence. 

Results showed that groundwater in Motopi and Tsau had fluoride concentrations ranging from 2.81 – 17.05 mg/L, 

while Toteng tap and standpipe water had fluoride concentrations of 0.78 and 0.83 mg/L. Maun tap and standpipe 

water, as well as Motopi surface water, yielded fluoride concentrations ranging from 0.16 – 0.37 mg/L. Salinity and 

pH showed no significant relationship with fluoride concentration, with correlation coefficients of 0.09 and 0.46, 

respectively. In conclusion, Tsau boreholes had the highest fluoride concentration, linked to dental fluorosis in 

individuals aged 30 years and above. Maun tap and standpipe water, alongside Motopi tap and surface water, 

exhibited low fluoride concentrations, while Toteng tap, and standpipe water revealed appropriate fluoride levels. 

The study revealed that Salinity and pH do not influence fluoride concentration in water. 

Keywords: Dental Fluorosis Risk, Groundwater Management, Surface Water Management, Ngamiland and Central 

Boteti Districts 
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INTRODUCTION 
 

Fluoride, an anion of fluorine, is the 13th most abundant 

element in the earth’s crust, with the chemical formula F
-
. 

Water is a major source of fluoride and other sources of 

fluoride are tea, seafood that contains bones or shells, 

medicinal supplements, and fluoridated toothpastes (Al 

Hayek et al, 2018). Fluoride is mostly recognised for its 

role in preventing dental caries and building strong teeth 

and bones. Although fluoride is important in building 

strong teeth and bones, an excessive or low fluoride intake 

can lead to health implications. The World Health 

Organisation (WHO) states that the appropriate level of 

fluoride in drinking water should be between 0.50 mg/L to 

1.50 mg/L (WHO, 2006). Fluoride concentration that is 

greater than 1.50 mg/L is associated with dental fluorosis, 

and chronic exposure to fluoride levels exceeding 4.00 

mg/L is associated with skeletal fluorosis (Everett, 2011). 

Dental fluorosis is a dental health condition that 

results in decolourization of teeth from excessive exposure 

to fluoride during tooth development. It is characterized by 

changes in the appearance of tooth enamel, ranging from 

subtle white streaks or spots to more severe brown 

discoloration and enamel pitting (Niazi and Pepper, 2023). 

Dental fluorosis affects children during the critical period 

of tooth formation, typically up to the age of eight 

(Everett, 2011). The severity of dental fluorosis is dose-

dependent and influenced by the extent of time an 

individual is exposed to excessive fluoride within the 

critical window of development and genetic factors (Niazi 

and Pepper, 2023). It can manifest in varying degrees, 

mild cases show white streaks, lines, or small spots on 

enamel. 

Skeletal fluorosis is a condition that affects bones in 

the body caused by exposure to high fluoride levels. It 

causes joint pain and stiffness, decreasing mobility, 

structural changes in the spine, and potential neurological 

complications (Everett, 2011). When fluoride intake is 

low, the protective benefits of fluoride on dental health are 

reduced. The main consequence of low fluoride intake is 

an increased risk of tooth decay; tooth enamel may be 

Volume 14, Issue 3S: 158-163; September 15, 2024      ISSN-2252-0430 

http://www.science-line.com/index/
mailto:kelebogilemfundisi@gmail.com
https://orcid.org/0000-0002-8747-4940
https://orcid.org/
https://orcid.org/


J. Civil Eng. Urban., 14 (3S): 158-163, 2024 

 

159 

weaker and more susceptible to acid attacks from bacteria 

leading to cavities and dental problems. 

Groundwater has been observed to have high levels of 

fluoride than surface water. This is because groundwater 

comes into contact with rocks and minerals that contain 

fluoride, leading to the dissolution of fluoride in the water. 

Some surface water sources are constantly replenished by 

groundwater which can increase the concentration of 

fluoride but other surface water sources get replenished by 

rainfall. Treated water contains a small amount of fluoride 

or contains an appropriate amount of fluoride, whereby the 

water from underground or rivers are purified. 

Therefore, the aim of this study was to investigate the 

fluoride levels in various water sources in the selected 

villages of Ngamiland and Boteti districts and assess the 

prevalence of dental fluorosis among the residents. 

 

MATERIALS AND METHODS 

 

Study site   

The study was conducted in the selected villages of 

Ngamiland District, which are Tsau, Toteng, Maun, and a 

village in Central Boteti District, which is Motopi as 

shown in the map in Figure 1. 

 

Sampling and data collection  

The water samples were collected from different 

water sources in the study sites. A total of twenty-two 500 

ml plastic sampling bottles were used to collect water from 

different water sources in the study sites. Each sample had 

a duplicate and both were labelled then put into a cooler 

box as a carrier. The coordinates of every sampling site 

were taken and recorded in the GPS device. The water 

samples were transported to Okavango Research Institute 

(ORI) laboratory and were kept in a refrigerator at 16°C to 

prevent changes in fluoride concentration. An interview 

was conducted at the study sites with the key informants, 

including Nurses from public clinics and chiefs, to inquire 

about the prevalence of Dental fluorosis in these locations. 

 

Sample analysis 

A pH meter was used to measure the pH level of 

water samples. A pH meter was first calibrated in three 50 

ml bottles that contained buffers at a pH of 4.01, 7.00 and 

10.01 respectively and the pH level of each sample were 

determined. A conductivity meter was used to determine 

the salinity of water samples, the conductivity meter was 

first calibrated in a 50 ml calibration standard containing 

0.01 mol/L potassium chloride (KCl) and the salinity of 

each sample was determined. An Ion chromatograph was 

used to determine the concentration of fluoride. The 

manual injection method was carried out. Firstly, the ion 

chromatograph was blanked with 25µL of distilled water 

to ensure that the chromatograph system is clean and free 

of any residual contaminants or previous samples before 

injecting the samples. Then, 25µL of each water sample 

was injected with a syringe in an injection port and the ion 

chromatograph ran the analysis for 13 minutes at a flow 

rate of 1.2 ml/min and the column pressure at 46 psi. After 

13 minutes elapsed, the fluoride concentration of the water 

sample was determined. 

 

 

 
Figure 1. A map of study sites in Ngamiland and Central Boteti district (Google maps, 2023). 
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Water samples from the study sites were analyzed for 

fluoride, pH, and salinity, with the results presented in 

Figures 2-7. Mean (1) and standard deviation (2) were 

calculated to assess the variability of fluoride 

concentrations (Ali and Bhaskar, 2016). In this section, the 

fluoride concentration of tap water and surface water was 

analyzed and presented in a bar graph (Figure 2). The safe 

levels for fluoride range from 0.50 to 1.50 mg/L (WHO, 

2006). Similarly, Figure 3 presents the fluoride 

concentration of groundwater in a bar graph, also with the 

same safe levels. 

Figure 4 illustrates the pH levels of each sample, 

analyzed and presented in a bar graph with safe levels 

ranging from 6.5 to 9.5 (WHO, 2007). Pearson's 

correlation coefficient (3) was used to examine the 

relationship between pH and fluoride, a graph depicts the 

relationship in Figure 5. The saline content of each sample 

was presented in a bar graph in Figure 6, and the 

relationship between salinity and fluoride was examined 

using Pearson's correlation coefficient (3), a graph shows 

the relationship in Figure 7. The formulas for mean, 

standard deviation, and Pearson's correlation coefficient 

were applied to analyze the data: 

Mean:  

                                                       (1) 

Standard Deviation:  

                                              (2) 

Pearson's Correlation Coefficient: 

                           (3) 

 

These calculations provided insights into the central 

tendency, variability, and relationships between the 

measured variables. In Figure 2, Toteng standpipe and 

tapwater fall within the fluoride safe level with fluoride 

concentration of 0.83 ± 0.1 mg/L and 0.78 ± 0.03 mg/L. 

While tapwater and standpipe in Maun, tap water and 

surface water in Motopi fall below the minimum fluoride 

safe level. 

In Figure 3, the fluoride concentrations of all 

groundwater samples in Tsau and Motopi exceeds the 

maximum safe level. Tsau groundwater C has the highest 

fluoride concentration of 17.05 ± 0.59 mg/L, followed by 

Motopi ground water with 5.56 ± 0.10 mg/L, Tsau 

groundwater B with 5.00 ± 0.24 mg/L and Tsau 

groundwater A with 2.81 ± 0.49  mg/L.  

The pH of all water samples depicted in bar graph in 

Figure 4 falls within the WHO pH safe level. Motopi 

groundwater has the highest pH level of 9.09 and Maun 

tap water B has the lowest pH level of 7.24. 

 

Figure 2. Fluoride concentration of tapwater in Maun, 

Motopi and Toteng, surface water in Motopi and standpipe 

water in Toteng and Maun. 

 

 
Figure 3. Fluoride concentration of groundwater in Tsau 

and Motopi.  
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Figure 4. The pH level of different water sources in 

Maun, Toteng, Tsau and Motopi.  

 

A scatter graph below shows no correlation between 

the pH and fluoride concentration and the correlation 

coefficient is 0.21. This low R
2
 value indicates a weak 

linear relationship between fluoride concentration and pH. 

The equation 𝑦=5.0867𝑥−37.843 represents a positive 

linear relationship between fluoride concentration and pH.  

The saline content of Tsau groundwater A, Tsau 

ground water B and Motopi groundwater exceeds the safe 

salinity limit of 1600 µS/cm while other water samples are 

within the safe saline limit. Tsau groundwater A has the 

highest saline content of 14800 µS/cm (Figure 6). 

 

 
Figure 5. A relationship between the fluoride 

concentration and pH of various water sources. 

 
Figure 6. The saline content of different water sources in 

Maun, Toteng, Tsau and Motopi. 

 
Another scatter graph shows no correlation between 

salinity and fluoride and the correlation coefficient is 

0.003 (Figure 7). This low R
2
 value suggests that there is 

almost no linear relationship between salinity and fluoride 

concentration, therefore salinity does not have an impact 

on fluoride concentration variation. 

 

 
Figure 7. A relationship between salinity and fluoride 

concentration of various water sources. 
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Interview findings 

• 80% of the key informants said that there is no 

prevalence of Dental fluorosis in Ngamiland and Central 

Boteti districts except in Tsau.  

• 70% of the key informants said that water causes 

dental fluorosis.  

Comparative analysis of fluoride concentrations in 

Maun and Motopi water sources: Tap water, 

Standpipe water and surface water 

In Toteng, the fluoride concentrations in both tap 

water (0.78 ± 0.03 mg/L) and standpipe water (0.83 ± 0.1 

mg/L) are within the World Health Organization (WHO) 

safe range of 0.50 – 1.50 mg/L, making them safe for 

consumption. However, in Maun and Motopi, the fluoride 

levels in tap water, standpipe water, and surface water are 

below the WHO safe level, with concentrations ranging 

from 0.16 ± 0.02 mg/L to 0.37 ± 0.02 mg/L. This low 

fluoride level can lead to weakened teeth and an increased 

risk of dental cavities. Differences in fluoride 

concentrations among various water sources in Maun and 

Motopi are attributed to the water coming from different 

boreholes (Azani-Aghdash et al., 2013). 

 

Comparative analysis of fluoride concentrations in 

Tsau and Motopi ground water  

The fluoride concentrations in groundwater from Tsau 

and Motopi are above the WHO safe level, posing a risk of 

dental and skeletal fluorosis. Tsau groundwater C has the 

highest fluoride concentration (17.05 ± 0.59 mg/L), 

followed by Motopi groundwater (5.56 ± 0.10 mg/L), Tsau 

groundwater B (5.00 ± 0.24 mg/L), and Tsau groundwater 

A (2.81 ± 0.49 mg/L). The high fluoride levels in Tsau and 

Motopi are likely due to the water coming into contact 

with fluoride-containing rocks and minerals. Long-term 

consumption of such high-fluoride water can cause dental 

and skeletal fluorosis, where bones become weak and bend 

(Brindha and Elango, 2011). 

 

pH levels of various water sources in Maun, 

Toteng, Tsau and Motopi and the relationship between 

pH-fluoride concentration 

The pH levels of water samples from Maun, Toteng, 

Tsau, and Motopi fall within the WHO safe range of 6.5 to 

9.5, making them safe for human consumption. A scatter 

graph and Pearson correlation coefficient (0.21) indicate 

no significant correlation between pH and fluoride levels 

(Liu et al., 2022). 

 

Saline content of various water sources in Maun, 

Toteng, Tsau and Motopi and the relationship between 

salinity-fluoride concentrations 

In Tsau and Motopi, groundwater salinity exceeds the 

safe limit of 1600 µS/cm, making it unsuitable for 

drinking. However, other water samples fall within the 

safe salinity limit. A scatter graph and Pearson correlation 

coefficient (0.003) show no significant correlation 

between salinity and fluoride levels, indicating that 

salinity does not affect fluoride concentration (Ahmed et 

al., 2019). 

 

Perception of key informants on the prevalence 

and causes of Dental fluorosis among different age 

groups 

Interviews with nurses and chiefs revealed that 80% 

reported no prevalence of dental fluorosis in Ngamiland 

and Central Boteti districts, except in Tsau. Some villages 

near the Makgadikgadi salt pan, like Rakops, 

Mokoboxane, and Mopipi, have reported cases of dental 

fluorosis. Key informants attribute dental fluorosis to high 

fluoride levels in water and note that 71% of affected 

individuals are aged 30 and above, while 29% are aged 5 

to 19. Dental fluorosis was more prevalent between 1978 

and 1984, before water treatment facilities were 

established. 

 

CONCLUSION 

 

Tsau and Motopi groundwaters have high fluoride levels, 

exceeding WHO limits and posing a risk of dental 

fluorosis, particularly among individuals aged 30 and 

above. In contrast, Maun and Motopi's tap/standpipe and 

river waters have fluoride levels below the WHO 

minimum, risking dental cavities, while Toteng's water is 

within the safe range. Understanding fluoride content in 

drinking water is essential for public health, as excessive 

fluoride can cause dental and skeletal fluorosis, while 

insufficient levels can lead to cavities. 
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ABSTRACT 

The reuse of doubly symmetric beams by converting them into monosymmetric section beams offers some 

promising outcomes and has potential for mitigating carbon footprint of structures. However, due to their 

complexity monosymmetric sections must be used in a configuration that allows the monosymmetry effects to act 

beneficially. Although the South African design standard for hot-rolled steel does not provide any guidance on the 

design of monosymmetric beams, the Southern African steel construction handbook provides a formula for 

determining the critical elastic buckling moment for monosymmetric beams. This guidance implies that the moment 

gradient factor used for doubly symmetric sections can be used on monosymmetric sections as well. The aim of the 

study was to verify the validity of this approach of extending the moment gradient factor used for doubly symmetric 

beams to monosymmetric beams for two specific types of monosymmetric sections. It was found that although this 

approach appears to be justified for monosymmetric members in single curvature bending it may produce 

unconservative values of the critical buckling load in double curvature bending between restraint points. The level 

of un-conservatism also varies for different spans of the same member. This makes it difficult to specify a single 

moment modification factor value for these cases. The sensitivity in terms of load reduction observed for double 

curvature bending case was different for the two members examined with this attributed to differences in how the 

shear centre moves relative to the centroid. It is recommended that the critical buckling load for monosymmetric 

sections be determined on a case specific basis for members in double curvature from linear moment gradients. 

Under single curvature bending the moment gradient factor for doubly symmetric members appears to give 

acceptable predictions of the critical load. 

Keywords: Steel beam, Monosymmetric, Lateral-torsional buckling, Moment gradient factor 
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INTRODUCTION 

 

The  world is facing a climate emergency and this calls for 

innovative approaches as well as concerted effort in 

mitigating the increase in atmospheric carbon. This can be 

done through adoption of practices that foster reduction in 

anthropogenic carbon emissions or in carbon footprint in 

relation to construction related activities. For design 

engineers one way to reduce carbon footprint is to apply 

the practice of reuse in lieu of recycling. Recycling 

involves the use of energy and unless this is sourced from 

renewable energy it too potentially carries a significant 

carbon footprint. The reuse of structural members 

therefore provides a viable alternative for cyclic use of 

materials where the potentially more environmentally 

harmful options of disposal and introduction of new 

materials, or that of recycling using non-renewable energy 

sources are avoided. This is consistent with the options 

illustrated in Halliwell (2024) and discussed in part by 

Hayes (2024) showing the hierarchy of net zero design 

that can be adopted by design engineers. ‘Net zero design’ 

is a design approach that aims to mitigate increase in 

atmospheric carbon emissions by reducing the carbon 

footprint of structures based on proactive design decisions. 

This concept is illustrated in Figure 1 with the ‘Build less’ 

approach being achieved through consideration of 

repurposing, refurbishment and reuse of structural 

members. 

The focus of this study is the reuse option. It has been 

shown by Mudenda and Zingoni (2022) that 

monosymmetric beams of the configuration shown in 

Figure 2 have the potential to be used for strengthening 

existing doubly symmetric I-shaped sections that need to 

have their flexural capacity or stiffness increased for reuse 

purposes. These sections exhibit some peculiarities 

including having a coincident shear centre and centroid at 

a given upstand height as well as a monosymmetry 

constant of zero at another upstand height. These are 

geometrical properties typically associated with doubly 

symmetric sections. These monosymmetric sections, for 
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the simply supported case, also have a range over which 

they show increase in critical elastic moment. The point of 

peak value is observed to be closely related to the upstand 

height at which the shear centre and centroid are 

coincident. Beyond this point the critical moments starts to 

decrease with increase in upstand height. The shear centre 

movement also follows a peculiar path in comparison to an 

I-shaped monosymmetric section. This is discussed later. 

 

 

 

 

 

 

 

 

 

 

Build nothing Challenge the brief 

Build less Repurpose, Refurbish, Reuse 

Build clever Structural Configuration 

Build efficiently 
High utilisation/Carbon efficient 

materials 

Minimise waste Improve construction practices 

Figure 1 Hierarchy of net zero design 

 

 

 
Figure 2 Doubly symmetric I-beam stiffened with flange 

upstands 

 

Figure 2 shows how a doubly symmetric I-shaped 

steel beam is converted into a monosymmetric section by 

the introduction of flange upstand stiffeners. Conversion 

into this monosymmetric section has the potential to 

enhance flexural strength and stiffness of the section as 

discussed. This is desirable if the structure is repurposed in 

a manner that it needs to carry greater loads or if the 

member is to be used in a different structure where greater 

flexural strength or stiffness is needed. This can be 

adopted in lieu of replacing with a new I-shaped member 

of higher strength. Reuse in the same structure is 

particularly desirable as it obviates the need to incur costs 

of demounting the existing member, disposing of it and 

potentially replacing it with a new member that also may 

need costly scaffolding, manpower or machinery to mount, 

in addition to the carbon footprint of its production.  

The use of such a monosymmetric section beam as the 

one considered may result in part or all of the member 

being subjected to a moment gradient that result in double 

curvature bending. For this case it is unclear whether the 

current guidance on the determination of the critical 

buckling load presented in design aids is valid. The study 

aims to verify such guidance provided in the South 

African Steel Construction Handbook (SASCH). This 

study is restricted to elastic critical buckling behaviour. In 

this preliminary study selected discrete members are 

investigated with a general approach to be explored in 

future studies on the basis of the observed outcomes.  

 

Background 

The use of monosymmetric sections for steel beams 

that do not have restraint to the compression flange is not 

so prevalent due, in part, to the complexity associated with 

the lateral-torsional buckling (LTB) behaviour of these 

sections. Lateral-torsional buckling is a stability failure 

that affects beams bending about their major axis and not 

having restraint to the compression flange. It is associated 

with a lateral movement of the compression flange in a 

direction perpendicular to the plane of loading and 

accompanied with twist. Early researchers such as 

Anderson and Trahair (1972) highlighted the ‘Wagner 

effect’ which arises from the shear centre and geometric 

centroid not being at the same location for 

monosymmetric beams. This effect is encapsulated in the 

monosymmetry constant (𝛽𝑥), a geometrical property 

associated with monosymmetric sections. A lot of the 

research on monosymmetric sections has focused on I-

shaped sections, tee sections and compound sections made 

from I-sections with a welded channel cap. In order to find 

the strength of the beams, in most cases the critical elastic 

moment must first be determined. Codes of practice 

typically use the critical elastic moment equation for a 

uniform moment loading case and then allow for other 

loading or bending moment profiles by making use of a 

moment gradient factor. The uniform moment case is 

typically the only case that gives a closed form 

mathematical solution when the boundary conditions are 

pin type with warping of the cross-section permitted, 

hence its use. The moment gradient factor proves to be a 

convenient way of determining the critical load for those 

cases that are different to the uniform moment case with 

simple supports. However, the determination of moment 

gradient factors has largely been based on doubly 

symmetric sections making the direct extension to 

monosymmetric beams questionable and needing 

verification. Although, the South African national standard 

for design of hot-rolled sections (SANS 10162-1) does not 

provide any guidance on design of monosymmetric 

sections, the  Southern African Steel Construction 

Handbook (SASCH) provides  an equation for the elastic 

critical buckling moment of a monosymmetric section and 

implies that the same moment gradient factor as that for 

doubly symmetric beams can be used. The equation is 

shown in equation (1). A simplified equation for obtaining 

Specify low 

Carbon 

Use 

Less 

Offset 
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the monosymmetry constant has been developed by 

Kitipornchai and Trahair (1980). The actual equation and 

the simplified version for the monosymmetry constant (𝛽𝑥) 

are shown in equations (2) and (3) respectively. 

𝑀𝑐𝑟,0 =
𝜋2𝐸𝐼𝑦𝛽𝑥

2𝐿2
[1 ± √1 +

4

𝛽𝑥
2

(
𝐺𝐽𝐿2

𝜋2𝐸𝐼𝑦

+
𝐶𝑤

𝐼𝑦

)]          (1) 

𝛽𝑥 =
1

𝐼𝑥

∫ 𝑦(𝑦2 + 𝑥2)𝑑𝐴 − 2𝑦0       
 

𝐴

                                 (2) 

𝛽𝑥 = 0,9 𝑑′ (
2𝐼𝑦𝑐

𝐼𝑦

− 1) [1 − (
𝐼𝑦

𝐼𝑥

)
2

]                                 (3) 

 

In these equations 𝑑′ is the distance between centres 

of area of the two flanges, Iyc being the second moment of 

area of the compression flange about its own strong axis 

[about y-axis in Figure 3 (c)], 𝑥 and 𝑦 being plate 

coordinates, and 𝑦0 the distance between shear centre and 

centroid. It is worth noting that when equation (3) was 

presented, the authors stated that it has a validity range 

which depends on the second moment of area ratio and 

this particular version was derived on the basis of an I-

shaped section. The monosymmetry constant for sections 

considered in the current study was obtained based on 

equation (2) so that validity is not violated. An approach 

presented by Hsu et al. (2012) was adopted and used to 

apply the integration. 

 

Literature study 

The most prevalent early form of the moment 

modification factor approach is reported to be that 

presented by Salvadori (1955). A simple modification by 

who to the equation for a uniform moment case (𝑀𝑐𝑟,0) to 

account for other load cases was proposed as shown in 

equation (4). The form of the moment gradient factor also 

known as the Equivalent Uniform Moment Factor 

(EUMF) was presented as in equation (5) with M1 and M2 

being the moment values at the ends of the unbraced 

length under consideration. The end moment M1 is taken 

as the one with the smaller value. 
𝑀𝑐𝑟 = 𝐶𝑏𝑀𝑐𝑟,0                                                                                    (4) 

𝐶𝑏 = 1.75 + 1.05 (
𝑀1

𝑀2
⁄ ) + 0.3 (

𝑀1
𝑀2

⁄ )
2

≤ 2.3                 (5) 

It was indicated by Suryoatmono (2002) that this 

equation appears in the 1986 edition of the American 

Institute of Steel Construction (AISC) code. Two versions 

of the EUMF have been presented by Ziemian (2010) with 

one of them being similar to equation (5). It is clarified 

here that the moment ratio (M1/M2), denoted by ‘𝜅’ in 

equation (6) is positive for double curvature and negative 

for single curvature. It was stated that these equations are 

applicable to linearly varying moments between brace 

points. This limitation is significant as in practice there are 

many cases where the bending moment will not vary 

linearly along the unbraced length.  

 

𝐶𝑏 = 1.75 + 1.05𝜅 + 0.3𝜅2 ≤ 2.56                                   (6) 

𝐶𝑏 = [0.6 − 0.4𝜅]−1 ≤ 2.5                                                   (7) 

It has been reported by Suryoatmono (2002) and 

Helwig et al. (1997) that Kirby and Nethercot (1979) 

presented an alternative equation for the EUMF which is 

applicable to both linear and nonlinear moment gradient 

diagrams between brace points. This equation is based on 

determining the maximum moment Mmax in the unbraced 

span as well as moment values at quarter points (A, B and 

C) along the beam. This equation can be found in the 1999 

versions of the AISC code in a slightly modified form as 

shown in equation (8).  

𝐶𝑏 =
12.5 𝑀𝑚𝑎𝑥

2.5𝑀𝑚𝑎𝑥 + 3𝑀𝐴 + 4𝑀𝐵 + 3𝑀𝐶

                               (8) 

Many studies have been conducted to improve the 

accuracy of the EUMF equation, in particular to consider 

load height effects (when load is not placed at shear 

centre) as well as end conditions. So called ‘quarter 

points’ equations such as Equation (8) have been studied 

by Wong and Driver (2010) who proposed an improved 

version of this type of formula. The EUMF formula 

presented in the South African steel design code as well as 

the handbook is based on equation (6) and given as 𝜔2 but 

with the limiting value given as 2.5 instead of the 2.56 

used here. It, therefore, appears that the South African 

design guides have not moved on from an equation meant 

for linearly varying bending moments to the more general 

‘quarter points’ approach. The current study only focuses 

on the equations provided in the South African design 

guide documents. 

 

MATERIALS AND METHODS 

 

In order to determine the moment gradient factor, the 

critical elastic buckling moment for the uniform moment 

case was first obtained (𝑀𝑐𝑟,0). The bending moment was 

then altered to a case that differs from the uniform 

moment case and the critical moment determined, (𝑀𝑐𝑟,𝑚). 

For example, a uniformly decreasing moment with 

maximum at one end and zero at the other end for the 

same length of the member. The ratio of the two moment 

values then gives the moment gradient factor as given in 

equation (9), with 𝜔2 being the moment gradient factor. 

        𝑀𝑐𝑟,𝑚 = 𝜔2 𝑀𝑐𝑟,0                                                         (9) 

Two sections were considered, one being an I-shaped 

monosymmetric section and the other being the stiffened 

beam which is the subject of the study. The I-section beam 

is studied to provide a comparison particularly because 

this member has been the subject of previous studies. The 

two different types of monosymmetric sections are shown 

in Figure 3 together with the geometric parameters used. 

For the Type 1 section, the upstand parameters in Figure 3 

(c) are set to zero. The critical elastic buckling moment 

was determined using equation (1) with the moment 

gradient factor given by equation (6) based on the code of 

practice (SANS 10162-1) section for design of doubly 

symmetric beams. The analytical results were compared to 

finite element analysis (details of this is missing) results. 

This comparison was done to verify whether using the 
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moment gradient factor for doubly symmetric sections for 

monosymmetric section behaviour predictions is a valid 

approach. The results are presented in tables and analysed 

to determine whether the use of the code equation gives 

safe or unsafe results for the section cases considered. 

 

 

 

 

 

 

 

 

 

 

 

           (a) Type 1 - MS   (b) Type 2 – MS                   (c) Geometric parameters 

Figure 3. Monosymmetric sections considered (a) and (b), and their geometric parameters (c) 

 

Sections considered 

The sections considered are shown in Table 1. 

Associated geometric properties based on Figure 3 (c) are 

given. An attempt was made to ensure that the members 

are compact so that they can attain the plastic moment, Mp. 

The initial slenderness parameter is given by: 

𝜆̅𝐿𝑇𝑖 = √
𝑀𝑝

𝑀𝑐𝑟
⁄                                                                              (10)  

 

Initial slenderness parameters for the beam when 

subjected to the uniform moment case are selected such 

that the beam is slender i.e. the slenderness parameter is 

greater than unity (the point at which the plastic moment 

would match the elastic moment). In the slender beams the 

critical elastic moment is the critical value and therefore 

the beams are always likely to suffer from a global lateral-

torsional buckling failure with no local buckling provided 

the plate elements are not slender. The degree of 

monosymmetry, 𝜌, is also considered for the selected 

members. This is given by equation (11). Member lengths 

vary as 𝜆̅
𝐿𝑇𝑖 varies. 

𝜌 =  
𝐼𝑦𝑡

𝐼𝑦𝑡+𝐼𝑦𝑏
                                                                            (11) 

 

with 𝐼𝑦𝑡 the second moment of area of the top flange 

and 𝐼𝑦𝑏  the second moment of area of the bottom flange 

about the y-axis of the section. The axis is shown in Figure 

3 (c) or Table 1 figures. 

 

Table 1. Members considered for study. 

Member Description 

Type - 1 

 

 

Beam: B / b H 𝑡1 𝑡2 𝑡𝑤 𝜌 

T1-1 150 / 75 400 10 8 5 0.91 

T1-2 150 / 132 400 10 8 7 0.65 

T1-3 100 / 75 250 8 5 4.5 0.79 

Type - 2 

 

 

 

Beam: B / b H 𝑡1 𝑡2 𝑡𝑤 𝑡𝛼 𝛼 𝜌 

T2-1 55/55 100 5.7 5.7 4.1 5.7 10 0.65 

T2-2 55/55 100 5.7 5.7 4.1 5.7 50 0.84 

T2-3 146/146 251 8.6 8.6 6 8.6 75 0.79 

*All dimensions in (mm) 

 
Finite element analysis model 

The software Abaqus (which version) was used for 

the finite element analysis to determine linear elastic 

critical buckling loads. The finite element model was 

calibrated against benchmark problems whose closed form 

analytical solution was available based on uniform 

moment loading. The boundary conditions were applied 

for the simply supported case with warping of the flanges 

allowed to occur freely. Rotation of the section was 

prevented at the end supports. These boundary conditions 

are shown in Figure 4 with Ui being the restrained 

displacement component. The longitudinal restraint Uz is 

applied at one end only (non-roller support end). A mesh 

convergence study was conducted to determine the 

optimum mesh size. An element size of 10 mm was found 

to give sufficiently accurate results and was adopted for 

the study. 
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RESULTS 

 

Results for the two beam types for different beam 

slenderness and degree of monosymmetry values are 

presented in Tables 2 to 4. A typical buckled configuration 

of a monosymmetric beam is shown in Figure 5. The 

degree of monosymmetry was high for T1 and 

intermediate for T2 in the initial iteration given in Table 2. 

These were then interchanged for the study results 

presented in Table 3. The degree of monosymmetry for T2 

could not be increased too much as this could result in 

slender stiffeners. The results show that the moment 

gradient factor from the design guides produces acceptable 

estimates for the single curvature bending case. However, 

once the member is in double curvature the accuracy of 

the moment gradient factor start to alter. The change is, in 

some of the observed cases, unconservative making this 

particularly undesirable. 

  

 

 

Table 2. Results for Beams T1-1 and T2-1 for three moment gradient cases (FEM vs applied SANS 10162 code equation) 

  

Table 3. Results for Beams T1-2 and T2-2 for two moment gradient cases (FEM vs applied SANS 10162 code equation) 

 
 

Table 4. Results for Beams T1-3 and T2-3 for three moment gradient cases (FEM vs applied SANS 10162 code equation) 

 
 

Sketch of BMD

Mcr (kNm) 228.3 133.6 87.3 230.8 132.5 85.9

1.75 1.80 1.81

Mcr (kNm) 17.8 10.1 6.5 18.2 10.5 6.8

1.82 1.80 1.80

Mcr (kNm) 178.7 123.2 90.6 310 177.9 115.4

1.37 1.66 1.88

Mcr (kNm) 24.4 13.7 8.7 24.4 14.1 9.2

2.49 2.45 2.42

Mcr (kNm) 74.8 52.5 40.3 329.8 189.3 122.8

0.60 0.70 0.80

Mcr (kNm) 22.9 13.6 8.9 26.0 15.0 9.8

2.34 2.43 2.47
T2-1

2.50
0.65

FEM Code

1.75

2.50
T1-1 0.91

T2-1
1.75

T1-1

T1-1
2.35
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2.35

0.91

0.65

0.91

0.65
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Sketch of BMD
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1.80 1.83 1.83

Mcr (kNm) 32.3 18.0 11.4 31.2 17.8 11.6

1.78 1.80 1.78

Mcr (kNm) 403.5 246.7 162.9 419.5 240.9 156.0

2.28 2.43 2.48

Mcr (kNm) 42.3 24.1 15.1 41.8 24.0 15.5

2.35 2.41 2.36

FEM Code
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1.75
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2.35

𝜆̅
𝐿𝑇 = 1.22 𝜆̅

𝐿𝑇 = 1.61 𝜆̅
𝐿𝑇 = 2.00 𝜆̅

𝐿𝑇 = 1.22 𝜆̅
𝐿𝑇 = 1.61 𝜆̅

𝐿𝑇 = 2.00

𝜔2

𝜔2

𝜔2

𝜔2

𝜌

M

M

0.5M

Sketch of BMD
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Mcr (kNm) 320.6 193.9 126.0 323.4 185.6 120.3

2.30 2.44 2.48

Mcr (kNm) 55.4 36.2 25.9 124.0 67.3 43.5
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Figure 4. Boundary conditions in the finite element model 

 

 
Figure 5. Buckling mode for a monosymmetric beam 

(Beam Type – 2) 

 

 
Figure 6. Critical elastic moment trend for code equation 

and finite element method (FEM) output 

 

In the undesirable cases, the moment gradient factor 

from design guide equations produces critical moments 

that are greater than those predicted by the finite element 

models. Also, the moment gradient factor appears to 

change as the length of the member changes. This makes it 

particularly challenging to develop a single moment 

gradient factor. This is a challenge that has been noted by 

Knobloch et al. (2020) who are involved in developing the 

next generation of the Eurocodes. It is noted that the Type 

2 section has a lower sensitivity than the Type 1 section 

for the cases where the loss in accuracy of the moment 

gradient factor was observed. However, it is seen that for 

results in Tables 2 and 4, in general once the member is in 

double curvature there is evident loss of accuracy in 

moment gradient factor predicted by the equation that is 

provided in the code SANS 10162-1 for doubly symmetric 

sections. This is illustrated in Figure 6. 

These results indicate that the implied guidance in the 

Steel design handbook can produce unconservative results 

for some monosymmetric sections subjected to linear 

moment gradients between points of restraint that cause 

double curvature bending. It is important that when 

monosymmetric sections are used in cases involving 

double curvature bending between points of restraints, the 

critical elastic moment and subsequently member strength 

are determined for each particular case. A generalised 

moment gradient factor based on doubly symmetric 

sections should not be used. The ‘Wagner effect’ 

associated with monosymmetric sections can have an 

effect on monosymmetric sections when they are subjected 

to double curvature bending. This is due to the change in 

transverse torques arising from longitudinal stresses when 

the compression and tension flanges swap along the 

unrestrained length.  

The difference in behaviour between the Type 2 and 

Type 1 sections in some of the observed cases might be 

due to the relative position of the shear centre in relation to 

the centroid. For the Type 1 section the shear centre 

position will always be above the centroid for the degree 

of monosymmetry above 0.5. For the Type 2 section it has 

been shown by Mudenda and Zingoni (2018) that the shear 

centre initially moves above the centroid but at a certain 

upstand height it reaches a peak height and then starts to 

move back down even meeting the centroid again. This 

gives a monosymmetric section that has a coincident shear 

centre and centroid at a given upstand height. The shear 

centre then moves below the centroid as the upstand height 

increases. This shear centre movement can counteract the 

adverse effects of the negative bending part of the double 

curvature and hence may reduce the sensitivity of this 

particular cross section. A more extensive parametric 

study still needs to be carried out to confirm these initial 

observations.  
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CONCLUSION 

 

The current study has shown that using the moment 

gradient factor developed for doubly symmetric sections 

on monosymmetric sections subject to lateral-torsional 

buckling, and subjected to double curvature from linear 

moment gradient between points of restraint can produce 

unconservative predictions. For both beam types 

considered the design code equation for moment gradient 

factor produced similar outcomes as those from finite 

element analysis models for the single curvature case.  For 

the case of double curvature there was generally a 

noticeable deviation from code equation predictions for 

some cases. It appears that in certain cases such as results 

from Table 4, beam type 1 showed more sensitivity in 

deviating from code predictions than the type 2 beam. 

Factors leading to this behaviour still need to be 

investigated further. It is, however, clear that there are 

some cases for which the code equation would produce 

unconservative predictions. It is recommended that for 

monosymmetric sections experiencing double curvature 

due to linear moment gradients between points of restraint 

the critical buckling loads must be determined for each 

particular case. The use of moment gradient factors that 

were developed for doubly symmetric beams must be 

avoided for these cases. 

 

Selected symbols 

G - Shear modulus  

𝑀𝑐𝑟  – Critical elastic buckling moment       

𝑀𝑝  – Plastic moment 

𝛽 – End Moment ratio        

𝐶𝑏 , 𝜔2 – Equivalent uniform moment factor/ Moment 

gradient factor 

𝐼𝑥 , 𝐼𝑦  – Major and minor axis second moment of area 

E - Elastic modulus 
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ABSTRACT 

Various forms of contracts guide the construction project delivery processes across the world. To make procurement 

more accessible and faster, various institutions have developed what is known as standard forms of contracts 

(SFoC). These institutions believe that SFoCs could be used in an adopted or adapted mode to reduce the burden of 

writing contracts every time a project is procured. This article discusses the results of a study that investigated the 

effectiveness of identified SFoCs and the experiences encountered by key stakeholders in using the contracts during 

construction project delivery. Study participants were drawn from contractor, consulting and client organisations 

and completed a questionnaire with both closed and open-ended questions. 11 attributes synthesised from literature 

were used to measure the effectiveness of a contract. Three major SFoCs were identified as being used in Botswana: 

the  Joint Contract Tribunal (JCT),  the New Engineering Contract (NEC) and International Federation of 

Consulting Engineers  (FIDIC). The FIDIC has a long history of use, but in recent years, the NEC entered the arena. 

Due to the low usage of the JCT, the discussion centred on the NEC and FIDIC contracts. Some insights were 

drawn from the study. Respondents did not find a big difference in the effectiveness of the two contracts (WME for 

NEC =3.3 and FIDIC =3.1). However, there were a few attributes for which the NEC seemed to be a better contract. 

These were a) simple and non-legalistic language with self-contained clauses and b) a communicative and proactive 

risk management regime, which respondents identified with a propensity to reduce or avoid disputes. The study had 

the limitations of having used a small (38) sample of respondents and the fact that NEC has not been used in the 

country for the length of time as the FIDIC contract. 

Keywords: Construction contract, Standard forms of contract, Contract Administration, Construction industry, 

Botswana 
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INTRODUCTION 
 

Ever since the pronunciation of the Code of Hammurabi 

(Urch, 1929), there has been a concerted effort to tame the 

vagaries of the construction work. Various contracts have 

been developed to stipulate the scope of construction 

work, identify events that might affect it, and allocate 

duties, responsibilities, and rights among the parties during 

the construction process. This is more so given the 

uncertainty surrounding project delivery, where risks are 

the norm rather than the exception. Global construction 

work affiliated institutions have developed various 

documents for decades to guide the project contract 

management process. There are now several pre-written or 

standard forms of contracts (SFoC) around the world 

which may be adapted or adopted by the contracting 

parties. SFoCs contain terms and conditions that may be 

used for projects within a certain category (e.g. design and 

build) but give employers a chance to modify the 

conditions of the contract to suit the project (Murdoch and 

Hughes, 2007). Some authors (e.g. Gacia, 2005) have 

noted each has its focus, strengths and weaknesses and 

hence may be suitable for adaptation, depending on the 

peculiarities of the project and its environment. Since the 

formation of a contract involves acceptance of an offer, an 

intention to have a legally binding agreement, 

performance and payment, each SFoC has a way of 

dealing with various aspects of construction, which 

include, for example, (i) separation and speed of design 

and construction, (ii) extent of client’s involvement, (iii) 

cost certainty, (iv) capacity for variations, (v) allocation of 

risk, (vi) clarity of various remedies, (vii) dealing with 

disputes, and (vii) project complexity (Bralić, 2019). The 

aim of the differentiation is to provide an appropriate 
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contract form that caters for various procurement methods 

(e.g. traditional, design & build, turn-key, etc.), types of 

clients (e.g. global multilateral development banks), and 

nature of project work (e.g. design, construction, 

consulting, dredging, etc.). Essentially, each SFoC 

provides guidance based on the chosen procurement 

method and the anticipated risk events to manage them 

amicably and, where possible, to reduce their effect on the 

project outcome. Essentially, contracts attempt to reduce 

misunderstandings and disputes, which may be unpleasant 

and problematic, eventually creating a dysfunctional 

environment between the contractor and employer and 

resulting in undesirable project cost and time overruns. 

Given that background, the aim of this article is to 

present the findings of a study that attempted to answer the 

following question: What are the effectiveness and the 

experiences encountered by key stakeholders in the 

construction industry in Botswana while using 

construction contracts during project delivery? The article 

is divided into five sections, including this introduction. 

The second section briefly reviews the literature relating to 

three common SFoCs, highlighting their nature and focus 

in relation to guiding the contract administration 

processes. The third section describes the research 

approach used in the study, while the fourth section 

presents results, discusses the findings that arise and ends 

with a conclusion. 

 

Literature review 

There are several construction contracts used across 

the world. Some are developed internally by organisations, 

while others are adopted or adapted as a standard form of 

contract (SFoC). Due the brevity required in this article, 

the discussion will centre on three commonly used SFoCs, 

namely the JCT Contract by Joint Contract Tribunal of the 

UK, the New Engineering Contract (NEC) by the 

Institution of Civil Engineers (ICE) of the UK and FIDIC 

contract by Fédération Internationale des Ingénieurs 

Conseils’ (or the International Federation of Consulting 

Engineers) based in Switzerland. The choice is also 

reinforced by findings of a study in Botswana, which 

indicated these are the most prevalent construction 

contracts in Botswana, where the study was conducted 

(Ntshwene, Ssegawa and Rwelamila, 2022). The historical 

origins, nature and characteristics of each SFoC are 

highlighted next. 

 

JCT Contracts 

In 1931 the Joint Contracts Tribunal (JCT) was 

formed by the Royal Institute of British Architects (RIBA) 

as the first JCT standard form of building contract (JCT, 

2021). However, it was not until 1977 that it was referred 

to as JCT. Since its inception, JCT has produced a range of 

contract families, which has grown over time, adapting to 

changes in industry practice, new procurement methods, 

and changes in legislation (JCT, 2021). Its use now 

accounts for 70% of the projects in the UK (Ladner, 

2023). Furthermore, due to the colonial legacy, JCT has 

been used in many commonwealth countries. Historically, 

the JCT has been more favourable to the employer, though 

recent editions (e.g. 1998, 2005, 2011, 2016) have aimed 

to balance duties, rights and risks by incorporating specific 

mechanisms to address issues of variations and delays 

(Chappell, 2017). The latest version of 2016 includes a 13-

suite of contracts to cater to various clients, procurement 

methods, pricing methods, types, sizes, and complexity of 

projects. To help users select an appropriate contract for 

their project, JCT published a helpful guide called 

“Deciding on the appropriate JCT Contract 2016” (JCT, 

2017). A summary of key components of a typical JCT 

Contract is indicated in Table 1. 

 

Table 1. Typical sections of a JCT Contract 

Component and aspects addressed 

a) Articles of Agreement: e.g.  party details;  context, nature 

and scope of the of works, specification and pricing 

documentation;  

b) Contract Particulars: e.g. completion date, date of 

possession, defects rectification period, liquidated/delay 

damages details). 

c) Terms and conditions: definitions and interpretations; 

execution of works to completion and defects rectification 

requirements; control of the works; payment issues, SHE 

requirements; change control, indemnification, termination, 

and disputes. 

d) Schedules: “add-ons” to a construction contract (e.g. 

insurance options, forms of bonds, etc.) 

 

NEC Contracts 

ICE developed the New Engineering Contract (NEC) 

in 1993 in the UK. Its notable early adopters were major 

British corporations (e.g., British Airports Authority, 

National Power, Scottish Hydroelectric) and a South 

African public electricity utility, Eskom (NEC, n.d.). The 

latest suite of contracts, NEC4 of 2016, consists of 10 

contracts spanning supply, work, and service projects. 

Table 2 indicates a typical arrangement of the sections of 

an NEC contract.  
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Table 2.  Typical sections of a NEC Contract 

Component and aspects addressed 

a) General provisions 

b) Responsibilities -contractor, subcontractor  & supplier's 

main responsibilities 

c) Time progress management 

d) Quality testing and defects 

e) Payment 

f) Compensation events, 

g) Title -use of equipment plant and materials 

h) Liabilities & insurance, risks, liability, insurance and  

indemnities 

i) Termination & dispute resolution. 

 

NEC is gaining international usage because, in its 

latest version, the NEC4 of 2016, it is being lauded for 

user-friendliness arising from its features, which include 

the following: First, it is viewed as being highly adaptable 

to suit the unique requirements of various procurement 

strategies, contract types and industry practices (Forward, 

2002). Second, NEC4 contracts use clear and 

straightforward language, minimising ambiguity and 

potential disputes. They provide a common understanding 

of project parties' roles, responsibilities, obligations, and 

duties. This improves communication and reduces the 

propensity for disputes. Third, the NEC4 contract provides 

a mechanism for the early involvement of all parties, 

encouraging cooperation and open communication 

throughout the project lifecycle. This collaborative 

atmosphere sets up a proactive problem-solving mindset, 

leading to more efficient decision-making and improved 

project outcomes. Fourth, a comprehensive, proactive risk 

management mechanism allows for a fair allocation of 

risks among the parties by providing guidance on 

identifying, assessing, and mitigating risks, ensuring a 

balanced allocation of responsibilities. Lastly, an emphasis 

on performance management, with clear mechanisms for 

monitoring and control, focusing on accountability, quality 

delivery, and continuous improvement throughout the 

project duration. The contracts include provisions for 

performance measurement, regular reporting, and 

incentivisation based on achieving project objectives.  

 

FIDIC contracts 

FIDIC, which stands for  International Federation of 

Consulting Engineers, published its first contract, titled: 

The Form of Contract for Works of Civil Engineering 

Construction, in 1957 (FIDIC, 2023). Over the years, 

FIDIC has become famous for producing standard 

contracts for the construction and engineering industry. 

FIDIC‘s broad outreach and the support it enjoys have 

made its forms the mainly used contract in international 

construction (Seifert, 2005).  

Just like the rest of SFoC houses, FIDIC has added 

new forms of contract, replaced previous versions with 

new ones and updated essential terms and clauses to keep 

in touch with the industry's changes and dynamics (Udom, 

2014). The contracts are now famously known as the 

“Rainbow” edition due to the various colours of the 

contract suites (e.g. red, green, yellow, silver, pink, etc.) 

meant for various procurement methods, types of clients 

and projects. A typical layout of the FIDIC contract is 

illustrated in Table 3. 

Apart from being touted as the universal contract, 

FIDIC contracts are viewed as having detailed procedural 

guidelines for managing a project with comprehensive 

provisions for managing unforeseen circumstances and 

claims. Furthermore, in recent years, the FIDIC has 

emphasised an amicable settlement of disputes so as not to 

jeopardise the progress and cost of a project. As a first 

step, the process usually provides for disputes to be 

submitted for adjudication before an Engineer or a Dispute 

Board. If one (or both) of the parties is dissatisfied, a 

period is allowed for amicable settlement. If the parties are 

not able to settle the dispute during the ‘amicable 

settlement’ period, the final stage is to proceed to 

arbitration. This way, FIDIC offers a balanced risk 

distribution with precise mechanisms for addressing 

unforeseen and exceptional circumstances that lead to 

delays and cost overruns. Furthermore, FIDIC contracts 

are adaptable to various legal systems for cross-border 

projects and are endorsed by global financial institutions. 

 

Table 3. Typical sections of a FIDIC Contract 

Component and aspects addressed 

a) General Conditions: definitions and other contractual 

requirements and data 

b) Parties: Roles, rights and obligations of the parties to 

the contract 

c) Project Management: Project resources and project 

work (e.g. programme, progress, quality, changes, 

testing, claims suspension, termination and closure) 

d) Financial Issues: Project finance and  payments 

e) Risk Management: Risk allocation and mitigation 

f) Disputes & Arbitration  
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MATERIALS AND METHODS 

 

In answering the research question posited earlier (i.e. 

what is the effectiveness and the experiences encountered 

by key stakeholders in the construction industry in 

Botswana while using construction contracts during 

project delivery?), a questionnaire with closed and open-

ended questions was used. In Botswana, several entities 

manage public construction projects in the various sub-

sectors, such as roads, aerodromes, power, rail, water, and 

buildings, and they use construction contracts for these 

projects. Key personnel were identified and selected from 

the project management entities spanning the above 

sectors to complete a questionnaire. The study participants 

were selected based on three aspects: working in the 

construction industry (as contractors, clients or 

consultants) for five years and above and a willingness to 

participate in the research.  

Apart from requesting the demographic profile of 

respondents, the questionnaire sought to ascertain various 

aspects of the contracts they have used or they are using, 

e.g. type, version, form, formal training received, etc. 

Secondly, the questionnaire required respondents to rate 

the effectiveness of the contract in managing the 11 key 

attributes identified from literature based on the scale 5 

(Excellent; 4: Very Good; 3: Good 2: Poor; 1: Very Poor). 

From this, weighted mean effectiveness (WME) was 

computed for each attribute and for each contract based on 

Equation 1: 

𝑊𝑀𝐸 =
5∗𝑛5+4∗𝑛4+3∗𝑛3+2∗𝑛2+1𝑛1

5+4+3+2+1
  Equation 1 

where n1...n5 are the number of rating responses for 

the attribute. Furthermore, an open-ended question was 

attached to each close-ended question to solicit 

respondents’ responses as to why they rated the 11 

attributes, high (4 &5) or low (1&2), for each SFoC. The 

responses served as a means of providing their experiences 

of using such a contract. 

 

RESULTS AND DISCUSSION 

 

This section presents the study's results and discusses the 

findings relating to the experiences encountered by key 

stakeholders while using construction contracts during 

project delivery in Botswana. The section, however, 

begins with a description of the respondents' demographic 

profile.  

 

Demographic profile of respondents 

Table 4 summarises the profile of 38 respondents who 

participated in the study. The respondents were given 

codes for confidentiality, namely R1 to R38. Table 4a 

indicates that as a standard feature of the construction 

industry, the majority (66%) of the respondents were male, 

in middle and lower management positions (95%) in their 

organisations, as shown in Table 4b. The respondents were 

a mixed bag: working contractors, consultants and client 

organisations, with the latter forming the majority (58%) 

of respondents. Tables 4d and 4e indicate a mix of built 

environment professions, with engineers forming the 

majority (29%) of the respondents. Furthermore, all 

respondents had graduate degrees, and the majority (74%) 

were registered members of professional bodies. Lastly, 

Table 4g indicates that the majority (71%) of respondents 

had an industry experience of 10 years and above. 

 

Table 4 (a-g). Demographic profile of the respondents. 

a) Gender  No. Ratio 

Female 13 34% 

Male 25 66% 

Total 38 100% 
 

b) Managerial Level No. Ratio 

Top 2 5% 

Middle 23 61% 

Lower 13 34% 

Total 38 100% 
 

c) Work sector No. Ratio 

Public (Govt. Depart., Local authority 

&Parastatal) 22 58% 

Private client 6 16% 

Contractor 5 13% 

Consultant 5 13% 

Total 38 100% 
 

d) Profession No. Ratio 

Engineer 11 29% 

Architect 9 24% 

Quantity Surveyor 10 26% 

Procurement officer 3 8% 

Legal officer 4 11% 

Other 1 3% 

Total 38 100% 
 

e) Educational Level No. Ratio 

Dip/Higher/Dip. 0 0% 

Bachelor 25 66% 

Post Graduate 13 34% 

Total 38 100% 
 

f) Professional  Membership No. Ratio 

Yes 28 74% 

No 10 26% 

Total 38 100% 
 

g) Experience in Years No. Ratio 

under 10 11 29% 

10-19 13 34% 

20-29 11 29% 

30 and above 3 8% 

Total 38 100% 
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Table 5 (a-g). Nature of Contracts used 

a)Contract Used No. Ratio 

Internally developed 0 0% 

SoFC 38 100% 

Both 0 0% 

Total 38 100% 

 

b) SFoC Type No. Ratio 

JCT 6 12% 

FIDIC 31 62% 

NEC 13 26% 

Other 0 0% 

Total 50 100% 

 

c) Modification of SFoC  No. Ratio 

Modified 38 100% 

Original form 0 0% 

Total 38 100% 

 

d)Procurement used No. Ratio 

Traditional 38 63% 

Design & Build 11 18% 

Turn key (EPC) 5 8% 

Others 6 10% 

Total 27 100% 

 

e)Nature of Contract Pricing No. Ratio 

Lump sum 10 14% 

Time and materials 13 18% 

Cost-plus 6 8% 

Unit price 38 52% 

Guaranteed max.  price 6 8% 

Total 73 100% 

 

f) SFoC Formal training  No. Ratio 

JCT 2 4% 

NEC 13 28% 

FIDIC 31 67% 

Other 0 0% 

Total 46 100% 

  

g)Training providers  No. Ratio 

None 0 0% 

Local private institution 16 31% 

Local public institution  13 25% 

International individual 13 25% 

International  institution 10 19% 

Author of the SFoC 0 0% 

Total 25 100% 

 

Nature of contracts used 

Table 5 summarises the nature of contracts that the 

respondents have used or are using in their organisations. 

As Table 5a indicates, all (38) respondents who 

participated in the study stated that they do not use any 

internally developed contract but use a Standard Form of 

Contract (SoFC), of which the FIDIC (65%) is the most 

prevalent  (Table 5b) followed by the NEC (23%) and JCT 

(19%). All (100%) respondents noted that (Table 5c) these 

contracts have been modified to fit the local context. It 

should be noted that some indicated that they use more 

than one contract, especially those in local authorities who 

use a modified JCT contract for small projects (of less 

than BWP 500,000) as well as the FIDIC Contract for 

higher valued projects (and this is why in some cases the 

total responses are more than the total number of 

respondents of 38). In addition, those dealing with road 

projects also indicated using a FIDIC contract for 

Multilateral Development Banks (MDBs) for their ‘World 

Bank-funded projects. 

Furthermore, Table 5 d,e shows that the most 

common procurement route (63%) is traditional 

procurement, while the most commonly used suite of 

contracts (38%) is the one with re-measurable quantities 

with unit pricing, irrespective of the SFoC used. Lastly, 

respondents further indicated that they have received 

specific training on the SFoCs from various outlets, by 

both local and international providers, as shown in Table 5 

f,g.  

 

Experience of  using SFoC 

Table 6 summarises the Weighted Mean Effectiveness 

(WME), which reflects respondents’ rating of the 11 

attributes that depict an effective construction contract. As 

noted earlier, some respondents had used only one SFoC 

while others used or are still using two. Of the three main 

SFoC, the NEC received the highest overall average rating 

(WME=3.3), followed by the FIDIC (WME=3.1), while 

JCT received the lowest (WME=2.9), as shown at the 

bottom of Table 6. One Respondent (R2) noted, "First of 

all, it is an old modified JCT contract. However, most of 

the small local contractors know it well. So, we use it for 

low-value jobs, especially maintenance. It is easy to 

understand and follow but cannot guide highly valued and 

complex projects as it lacks most modern contracting 

mechanisms. The version is also client-centric, viewing 

‘the client as the boss” This response focused on results 

for the NEC and FIDIC contracts about the 11 attributes. 

Notably, thirteen (13) respondents who appraised the NEC 

have used the FIDIC contract before, and their comments 

were insightful. The rest of the sub-sections discuss the 

effectiveness and experiences of the respondents for the 

FIDIC and NEC contracts structured around the 11 

attributes. 
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Table 6. Assessment of the contract attributes identified 

Contract attribute 

JC
T

 (
N

=
6

) 

F
ID

IC
 (

N
=

3
1
 

N
E

C
(N

=
1
3

) 

1. Language used 3.1 2.9 3.8 

2. Navigation of clauses 3.0 2.3 4.0 

3. Contract layout 3.2 3.9 2.7 

4. Adaptability to project context 2.9 3.5 3.6 

5. Time scales for claim notices 2.7 3.1 3.2 

6. Role of contracts manager 4.0 3.1 2.4 

7. Management of changes 3.2 3.0 3.4 

8. Management of performance 3.1 2.3 3.9 

9. Allocation and management of risk 2.1 3.1 3.2 

10. Force majeure or prevention events 2.2 2.7 2.8 

11. Management of disputes 2.2 3.6 3.6 

Average 2.9 3.1 3.3 

 

1) Language used and navigation of clauses 

Table 6 (rows 1 & 2) shows that in terms of simplicity 

of language, NEC (3.8) was rated a better contract than 

FIDIC (2.9). Respondents complained that despite the 

reduction in the use of legalist language found in the 

FIDIC version 2017 as compared to 1999, there were 

vestiges of the earlier version, as one respondent (R14) 

noted “long sentences and sometimes ambiguous or 

unclear language and non-objective terms or concepts and 

often this leads us to situations where the Employer and 

Contractor arrive at different interpretations leading to 

misunderstandings. The FIDIC contract should be reduced 

to simple English to allow construction technical 

personnel to understand the obligations of a party or what 

is required instead of requiring lawyers to interpret 

sometimes technical aspects which they also struggle to 

understand”. 

Table 6 also shows that the NEC (4.0) clauses were 

considered easier to follow than FIDIC (2.3). Respondents  

(R2 and R4) further noted, "clauses and sub-clauses should 

be self-contained instead of the requirement to cross-

reference a myriad  to a get remedy....” On the other hand, 

those who have used the NEC contract positively touted its 

use of plain language simplicity and self-containment of 

the clauses. 

 

2) Contract layout 

In terms of the layout, respondents felt that FIDIC 

(3.5) had a slightly better layout than NEC (3.3) in the 

sense that it followed a project management approach. As 

one respondent put it, “The clauses follow the progress of 

the project from defining the role and obligation of the 

parties, work needs and progress to closure or termination, 

but of course, there are hanging clauses like risk, 

indemnity, and disputes.” 

 
3) Adaptability to project context 

As to adaptability to project and local conditions, 

there was no significant difference between FIDIC (3.5) 

and NEC (3.6) as one respondent noted, “FIDIC has 

several suites of contracts which favours a particular 

procurement method and we able to modify it to allow for 

a change of currency, language and legal regime in which 

the project is delivered. With NEC, we are also able to do 

the same.” The adaptability of both contracts can be 

viewed from their broader appeal in the international 

arena. As Seifert (2005) noted, FIDIC is the world's most 

widely used international form of construction contract.  

However, though NEC is a relatively new contract, it has 

become a popular suite of contracts for public-sector 

works, services and supplies in the United Kingdom and 

Hong Kong and beyond; for example, it is taking root in 

Australia, New Zealand, Ireland, Netherlands, South 

Africa and UAE (Gerrard, 2005).  

 
4)  Time scales for claim notices  

Tolson and Glover (2008) observe that under the 

FIDIC contract if a Contractor fails to give notice of a 

claim within 28 days, the Time for Completion is not 

extended, loses the entitlement to additional payment, and 

the Employer is discharged from all liability in connection 

with the claim. Under the NEC contract, if the Contractor 

does not notify of a compensation event within eight 

weeks (40 days) of becoming aware of the event, he is not 

entitled to a change in the prices, the completion date or a 

key date, unless the project manager should have notified 

the event to the Contractor but did not. Therefore, both 

FIDIC and NEC provide firm time scales for notices that 

may require time and/or monetary compensation, and if 

the contractor fails to give notice, the claim will fail.  

Respondents indicated a slight advantage of the NEC 

contract (3.2) as compared to the FIDIC contract (3.1). 

One respondent (R10) who presented himself as a 

contractor noted, “The NEC contract is more practical as it 

gives a longer period (40 as opposed to 28 days). 

However, what I decry most is that both contracts do not 

impose the same obligation to the Employer of giving 

notices within a time limit.”  
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5) Role of the contracts manager  

In FIDIC, the contracts manager is called the Engineer 

(even if it is an architect), while in NEC, it is called a 

Project Manager. In both contracts, they are employed by 

the Employer and play a dual role: overseeing the project 

work and adjudicating. However, they are expected to be 

impartial when deciding or determining matters related to, 

for example, claims or misunderstandings.  

One respondent (R22) noted that “... the dual role of 

the contracts manager can only be effective if there is a 

high degree of professionalism and ethical conduct...once 

these are not upheld there can be accusations of employer 

bias or contractor collusion... a situation we often 

encounter” 

 

6) Management of changes 

Under NEC, variations are merely a category of 

compensation events (CE) assessed by the Project 

Manager in the same way as claims. If a variation is 

envisaged, the Project Manager calls for a quotation from 

the Contractor, which should indicate the effects of a CE 

on both time and cost, as these flow automatically once the 

CE is approved (McKenzie, 2016). The pricing decision is 

based on CE’s effect on a defined cost plus fee. Existing 

rates do not bind the Project Manager during valuation. 

Therefore, it is highly unlikely that the Contractor will 

unfairly benefit or suffer a loss if existing rates are too 

high or too low. Therefore, if the quotation is accepted, 

formal instruction to undertake the work follows.  

FIDIC, on the other hand, considers claims and 

variations as separate issues; therefore, the latter is 

measured and valued in the ordinary course of work.  

Since FIDIC is a re-measurement contract that assumes 

the project scope, works, drawings, etc., are well defined 

prior to letting the tender documents (which often is not 

true), it limits variations to 10% of the quantity. However, 

unlike in the NEC regime, entitlement to both time and 

cost does not automatically flow from a variation 

instruction - rather, each must be proved separately and is 

subject to time bar notices (McKenzie, 2016).  Valuation 

of a variation is at the same or by considering rates and 

prices in the contract. It is noted that existing rates or rates 

for similar work apply. If neither of the two is available or 

other criteria are met, new rates are permitted at the so-

called reasonable cost plus a reasonable profit.  

Respondents rated NEC (3.4) a better contract in 

managing changes than FIDIC (3.0), and this was 

buttressed by respondent (R27), who observed by noting 

“the NEC approach is a good risk management and 

collaborative approach which may foster less disputes 

because the quantum of work is first established and pre-

priced before it is carried out. However, for the FIDIC 

contract, since the actual cost incurred and time expended 

is determined retrospectively, the Engineer has a wide 

discretion which tends to open up a myriad of 

disagreements, some of which lead to protracted disputes.” 

 

7) Management of performance 

FIDIC and NEC require a contractor to provide a 

programme which will be used to measure time 

performance. The programme facilitates measuring project 

progress and determining damages for late completion by 

the contractor (delay compensation for the Contractor). 

The contracts define the required outcome or performance 

based on the Employer’s quality requirements (relating to 

materials and artistry). They further provide for searching 

for defects and state the Contractor’s responsibility for 

correcting defects and the consequence of the Contractor’s 

failure to correct any defects. Furthermore, NEC goes 

further in its optional incentive schedule, X20, which may 

attached to the main contract, to allow the client to state 

Key Performance Indicators (KPIs) and targets for various 

aspects of the project’s performance, for example, time, 

quality, cost, disputes, SHE issues and sub-contractor 

management. The KPIs and targets are meant to 
incentivise the Contractor with a bonus payment for 

performing to the targets or above. 

Respondents using the NEC contract noted that they 

had not explored the X20 clause, which allows for 

inserting incentivising KPIs. Hence, they depend on the 

traditional project performance measurement of cost, time, 

and quality. 

 

8) Allocation and management of risk 

According to Simon, Hillson and Newland (1997), 

risk is an event or set of circumstances that, should they 

occur, will have an effect on the achievement of the 

project's objective. Effective risk allocation and 

management procedures are key to any construction 

contract, for which Abrahamson (1984) proposed a set of 

five principles for allocating risk. Risk shall be allocated 

to a party: a) if the risk is of loss due to their willful 

misconduct or lack of reasonable efficiency or care; b) if 

they can cover the risk by insurance and allow for the 

premium in settling the charges, and it is most convenient 

and practicable for the risk to be dealt with in this way; c) 

if the preponderant economic benefit of running the risk 

accrues to the party; d) if it is in the interests of efficiency 

to place in the risk on the party and e) if, when the risk 

eventuates, the loss happens to all on the party in the first 
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instance, and there is no reason under any of the above 

headings to transfer the loss to another, or it is 

impracticable to do so. While it is not possible to eliminate 

all risks, it is now an acceptable and basic principle that a 

particular risk event should be allocated to the party who 

can best manage it and bear the risk consequences (Kozek 

and Hebberd, 1998). 

Regarding risk allocation and management, 

respondents did not differentiate much between FIDIC 

(3.1) and NEC (3.2) regarding risk allocation. As one 

respondent (R19), “as a starting point in defining the 

duties, obligations, liabilities and rights of the Employer 

and Contractor, both FIDIC and NEC attempt to allocate 

risks fairly and reasonably” However, another respondent 

went further to note that “in my opinion I find NEC a 

slightly better contract in the sense that the requirement to 

include early warning signals, risk registers and to hold 

risk reduction meetings are an effective communication 

tool between the parties which minimises disputes in that 

way NEC is not reactive but provides a dynamic and 

proactive risk management regime.” This position was 

buttressed by another respondent (R35) who observed that 

“FIDIC seems to be saying I have the medicine (clauses) if 

things go wrong  whereas NEC seems to be saying let us 

not wait for something to go wrong, let us try to mitigate 

or prevent it before it happens..” Some authors (e.g. 

Besaiso et al., 2018) have noted that a reactive approach 

produces more disputes than a proactive approach, as 

parties will use the contract when things go wrong or 

disputes surface in an attempt to find a clause that will 

support their contractual position or justify a claim or to 

allocate blame. 

 

9) Force majeure or prevention events 

An event that occurs to exempt a party from 

performance on the contract is referred to as force majeure 

in FIDIC and a prevention event for NEC.  Each contract 

has tests which must be satisfied for an event to be 

classified as such. For FIDIC, a force majeure event is one 

which: a) is beyond a Party’s control; b) such Party could 

not reasonably have provided against before entering into 

the Contract; c) having arisen, such Party could not 

reasonably have avoided or overcome, and d) is not 

substantially attributable to the other Party. On the other 

hand, NEC defines prevention events as those which: a) 

stop the Contractor from completing the works or by the 

dates shown on the Accepted Programme, b) neither Party 

could prevent; c) an experienced Contractor would have 

judged that the contract dates have such a small chance of 

occurring that it would have been unreasonable for him to 

have allowed for it; and d) is not one of the other 

compensation events stated in the contract. There was a 

small difference (2.7 for FIDIC and 2.8 for NEC) in rating 

the effectiveness of handling these events for the two 

contracts 

 

10) Management of disputes 

Cost, delay, and uncertainty of the outcome have 

made the construction industry move away from litigation 

and the growing use of alternative dispute resolution 

(ADR) methods, one of which is arbitration. However, 

arbitration has suffered a similar fate as litigation, as it was 

found costly, time-consuming, and the outcome 

unpredictable. The answer lay in adjudication. 
Adjudication decides matters as the project carries on, 

promoting project progress and cash flow. However, the 

adjudicator’s decision is subject to review by an arbitrator 

if one of the parties is sufficiently unhappy with the 

outcome of the adjudication (MDA, 2022).  In response to 

the challenges of arbitration, the latest versions of FIDIC 

(2017) and NEC (4) have both called for a dispute 

adjudication board (DAB). Perhaps due to this similarity, 

respondents rated dispute resolution effectiveness of both 

contracts the same (3.6). However, one respondent (R7) 

highlighted experiences of using an ad-hoc and standing 

dispute adjudication board (DAB). She noted, “We used 

an ad-hoc DAB; it was cheap, and if we did not decide on 

one set of DAB, we could appoint another set of members. 

However, often, DAB members required more time to 

acclimatise with what had gone on at the project in order 

to adjudicate” She further continued “, We now have a 

standing DAB who meet with the Parties and conduct 

regular site visits so they become familiar with the project 

nitty-gritty. However, they seem expensive. They charge a 

monthly retainer fee and require the provision of, or 

reimbursement of, daily travel fees and accommodation 

costs. Furthermore, when a dispute arises they charge a 

daily rate to adjudicate the dispute” 

 

CONCLUSION 

 

The study set out to investigate the effectiveness and 

experiences of key stakeholders in using various contracts 

for construction project delivery. Three major SFoCs were 

identified as being used in Botswana: the NEC, FIDIC, 

and JCT. The local authorities mainly used a modified and 

old version of JCT. Due to the low usage of the JCT, the 

discussion centred on the NEC and FIDIC contracts. The 

FIDIC has a long history of use in the country, but the 

NEC has entered the arena in recent years. A few 
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concluding aspects are noted. First, respondents did not 

find a big overall difference in the effectiveness of the 

contracts as measured using the 11 identified attributes 

(WME for NEC =3.3 and FIDIC =3.1). However, from 

their experience, there were a few attributes where the 

NEC contract seemed to be a better contract, and these 

were: a) the use of simple and non-legalistic language with 

self-contained clauses and b) a communicative and 

proactive risk management regime, which they thought 

may result in reducing or avoiding disputes. Despite these 

accolades, this article ends by noting that there are pros 

and cons to the use each contract, and which one works 

best largely depends on the parties involved, the context of 

the project and the contracting environment. In addition, 

this study has the limitation of having used a small (38) 

sample of respondents and the fact that NEC has not been 

used in the country for the length of time as FIDIC. 
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ABSTRACT 

In developing countries like Botswana, addressing leachate treatment presents considerable difficulties, especially 

regarding the management of sewage sludge (SS). This research evaluated the capacity of activated biochar, derived 

from sewage sludge, to adsorb Total Organic Carbon (TOC). Biochar was produced under conditions with limited 

oxygen, by placing approximately 50 grams of dried sewage sludge in sealed porcelain crucibles and heating them 

at a rate of 10°C per minute to 400°C for four hours. The resulting biochar (WWSBC400) was then stored in plastic 

bags in a dry environment. The pyrolysis yield was calculated as the ratio of the weight of the produced biochar to 

the initial weight of the dry sewage sludge. The study identified the maximum adsorption capacities (qm) for TOC 

in landfill leachate solutions, highlighting surface precipitation as a key adsorption mechanism for WWSBC400. 

Additionally, the removal of carbon ions using biochar produced from sludge at Gaborone's wastewater treatment 

facility was investigated. Continuous adsorption columns were utilized to demonstrate TOC solution adsorption, 

with performance evaluated in a fixed-bed column through model simulation. The Thomas model was used to 

compare experimental kinetic data, with the experimental data generally aligning well with the Thomas model, 

achieving a correlation coefficient (R²) of 0.9114 for the first round of activated biochar removal. The adsorption 

capacity of the biochar was recorded at 389.265 mg/g after 14.5 hours of column adsorption, with regeneration 

studies showing varying adsorption capacities of 742.82 mg/g, 875.47 mg/g, 682.13 mg/g, and 735.21 mg/g for 

successive rounds. Surface precipitation was found to be a vital process for carbon adsorption onto WWSBC400. In 

conclusion, using sewage sludge biochar for co-contaminated soil shows potential for heavy metal immobilization, 

presenting a viable option for environmental rehabilitation. 

Keywords: Biochar Adsorption kinetic models; Fixed-bed column, Total Organic Carbon, sewage sludge, 

environmental remediation. 
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INTRODUCTION 
 

The relentless march of technology has transformed every 

aspect of our lives, becoming an indispensable part of our 

existence. However, this rapid advancement comes with 

significant consequences, notably the looming spectres of 

climate change and heavy metal pollution. Climate change 

has already inflicted profound damage upon our planet, 

while heavy metal pollution pervades every corner of our 

ecosystem (Mladenov et al., 2005). Once heavy metals 

infiltrate the environment, they persist across different 

spheres, wreaking havoc on wildlife, vegetation, and the 

environment at large. Urgent action is imperative to 

mitigate the impacts of climate change and curb heavy 

metal pollution before irreparable harm is done. The 

choices we make today to safeguard the environment and 

secure a sustainable future will determine the legacy we 

leave for generations to come. Recent research conducted 

by Lehmann et al. (2011), Zhang et al. (2019), and Wang 

et al. (2022) has highlighted biochar as an effective 

solution for addressing climate change and heavy metal 

contamination. Biochar is a carbon-rich material produced 

through the thermochemical conversion of biomass under 

oxygen-restricted conditions. Its physical and chemical 

characteristics are influenced by factors such as pyrolysis 

temperature and the type of feedstock used, as noted by 

Binti et al. (2007). Biochar has shown significant potential 

in reducing the bioavailability and leachability of heavy 

metals in soils, thereby mitigating contamination as shown 
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in Figure 1,. Additionally, it can improve soil quality and 

reduce the uptake of heavy metals by crops. The 

production of biochar provides a sustainable approach to 

managing biomass waste, as it can be generated from 

various biomass sources. Advances in this field have also 

demonstrated biochar's role in combating climate change, 

producing biofuels, and enhancing soil productivity. In 

this study, biochar was utilized to analyze the adsorption 

dynamics of Total Organic Carbon (TOC) from 

Gamodubu landfill leachate. 

 

 
Figure 1. Conversion of Wastewater Sludge to Biochar for 

electricity, leachates’ and soil treatment  

 

According to Voivontas et al., (2001) metals present 

in industrial effluents pose risks to both human health and 

the environment. Biochar on the other hand which is, an 

economical alternative, shows promise in soil 

improvement such as metal adsorbent, agricultural soil 

improving by increasing organic content of the soil and 

improving water retention, thus enhancing plant resilience 

against harsh weather conditions. As industrial leachate 

treatment poses challenges, biochar can efficiently absorb 

hazardous elements like lead and cadmium, thus reducing 

their concentrations in leachate before discharge  

(Mladenov et al., 2005). Addition of biochar to soil 

amendments can also improve nutrients uptake in fields, 

leading to increased crop yields and promoting sustainable 

farming practices shown in Figure 1. 

Liu et al. (2014) further highlight biochar's potential 

in remediating leachate and improving soil health, thereby 

reducing water shortage in agriculture. As the demand for 

sustainable farming methods rises, biochar emerges as a 

versatile and effective tool in addressing environmental 

concerns of point-source and nonpoint-source pollution. 

Its diverse applications, from soil enhancement to leachate 

treatment, contribute to building a more sustainable future 

for our planet. 

The study examines the use of sludge-derived biochar 

as a sustainable solution for waste management and 

resource recovery in Gaborone. The study examined the 

effects of activated and regenerated biochar quality, and its 

suitability for removal of metals from leachate. By 

understanding how different pyrolyzed biochar affect 

adsorption of metals from leachate, this study will 

optimize the process to produce biochar with the desired 

properties for use in adsorption for  in agricultural 

irrigation.  

The primary goal of this study is to examine the 

viability of biochar as a sustainable method for long-term 

environmental remediation. The research objectives are to 

evaluate the effectiveness of biochar made from 

wastewater sludge in adsorbing organic carbon, to analyze 

the physiochemical properties and operational 

characteristics of the biochar, to assess the efficiency of 

biochar derived from wastewater sewage sludge in 

removing organic pollutants like Total Organic Carbon 

(TOC) from landfill leachate, and to determine the long-

term adsorption capacity of biochar to confirm its 

suitability for sustainable leachate treatment and 

environmental remediation (Lehmann et al., 2011). 

 

MATERIALS AND METHODS 

 

Sampling and Sample Preparation  

Sludge samples were collected from the primary 

settling tank and sludge drying beds at the Gaborone 

Wastewater Treatment Plant (GWWTP) using plastic 

buckets with a capacity of five liters. These samples were 

representative of the sewage sludge generated at the plant. 

In the laboratory, the sludge samples underwent a series of 

preparation steps before analysis. This included drying, 

ash content analysis, and solid substance content 

assessment, following established standard methods such 

as those outlined in the Association of Official 

Agricultural Chemists (AOAC) 1995 procedure. 

 

Drying of Wastewater Sludge Samples 

Drying reduces the moisture content of wastewater 

sludge, before pyrolysis process. This minimizes energy 

requirement, making the process more efficient and cost-

effective. Drying improved biochar quality and leads to 

higher yields and better properties while reducing 

greenhouse gas emissions and ash content. Drying 

experiments were conducted using a laboratory model 

oven dryer (Uniscope SM 9053 A laboratory oven, 

Surgifriend Medicals, England). Approximately 30 g to 70 

g of sludge samples were loaded onto a metal tray and 
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dried at specified temperatures (60°C for initial 

experiments, and 80°C for subsequent trials). The drying 

process was monitored at regular intervals, with weights 

recorded until final moisture content of a dry weight basis 

(db) was achieved. 

Moisture content was calculated using Equation 1, 

where MC represents the moisture content, Wo is the 

initial sludge weight, and WF is the final moisture content 

of the sludge. The moisture content (MC) was calculated 

from Equation 1 as shown: 

0

0

W

WW
MC F



    (1) 

. The dimensionless moisture ratio (MR) during 

drying was calculated using Equation 2, where M 

represents the average moisture content at time t, MO is the 

initial moisture content, and ME is the equilibrium 

moisture content on a dry basis.  

                                                                                            

(2)  

 

where: MR is the dimensionless moisture ratio, M, the 

average moisture content at time t, MO the initial moisture 

content, and ME, the equilibrium moisture content on dry 

basis. 

During layer drying of wastewater sludge, the 

equilibrium moisture content was not determined and 

since this is usually not high in most of materials 

(Waewsak et al., 2006) the equilibrium moisture content 

was assumed to be zero. Thus, the moisture ratio (MR) 

was simplified according to  Equation 3 (Kingsly et al., 

2007) and  Equation 2 becomes: 

 

       (3) 

 

The recorded moisture ratios for each sample were 

then used to plot the drying curves. The drying rates of the 

sample for each treatment were calculated based on the 

weight of water removed per unit time per kilogram of dry 

sludge, expressed in units of kg.kg-
1
 1h-

1
 (Sankat et al., 

1996; Kingsly et al., 2007; Babalis et al., 2006). 

 

Dry wastewater sludge optimal conditions for 

pyrolysis 

Conducting of series of experiments varying the 

temperature, heating rate and feedstock ratios to determine 

the optimal conditions for pyrolysis was carried out using 

blast furnace to simulate and control the pyrolysis process. 

Biochar production occurred under oxygen-limited 

conditions, with approximately 50 g of dry sewage sludge 

placed in porcelain crucibles and sealed to prevent air 

ingress. Heating at a rate of 10°C per minute to 400°C for 

four hours yielded biochar (WWSBC400), stored 

separately in plastic bags in a dry environment. The 

pyrolysis yield was calculated as the ratio of generated 

biochar weight to initial dry sewage sludge weight. 

Biochar yeild (%) =
char weight 

Dry waste water Sludges
∗ 100    (4) 

 

Characterization of WWS Biochar by Physical and 

Chemical Properties 

Laboratory tests were conducted to assess the 

chemical composition and physical properties of the 

produced biochar. The pH, porosity, and nutrient content 

of the biochar were measured to determine its suitability 

for leachaate treatment applications. The Use of standard 

methods and equipment, such as pH meters, surface area 

analyzers, and nutrient analysis kits, to obtain accurate 

data. 

 

Concentration and accessibility of nutrients 

The biochar's total nutritional concentration is the sum 

of all of its nutrients. The portion of the total nutrients that 

plants can absorb is known as the bio-available nutrient 

concentration. Nutrient extraction studies using Diethyl-

enetriamine-pentaacetic acid (DTPA) extraction were used 

to estimate the havey metal in the samples. 

 

Determination of Heavy Metals 

Acid digestion was utilized to identify heavy metals. 

Each sample was soaked in 10 ml of 65% HNO3 for 2 

hours. About 0.3 g of each sample was used. Following 

filtration, the supernatant were collected for examination. 

The total heavy metal content in the pyrolyzed WWS 

biochar generated were assessed using inductively coupled 

plasma-mass spectrometry (7500 cx ICP-MS connected to 

an ASX-500 auto sampler, Agilent Kolosionis et al., 

(2021). Elemental analysis experiments were carried out 

with Thermo-Flash 2000 CHN-S elemental analyzer using 

the ASTM-D5373-16 method (ASTM-D5373 2018) 

(Kolosionis et al. 2021a) at the enviromental science 

laboratory.  

 

Adsorptive Properties of Activated, Regenerated 

WWS Biochar  

Accoding to Saadi and Fazaeli (2013), adsorption and 

removal of contaminants from leachate was conducted 

with the use of batch or continuous flow experiments 

using real leachate samples containing contaminants. 

Pyrolyzed biochar samples was monitored to remove of 

OM

M
MR 

E

E
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heavy metals, organic pollutants, and nutrients over time. 

The concentration of contaminants before and after 

adsorption using appropriate analytical techniques, such as 

atomic absorption spectrophotometry was measured 

(Turro et al., 2011). 

 

Adsorption Tests 

The adsorption test used Botswana Gamodubu 

Landfill Leachate (GLL) as the initial solution. The color 

was measured in a continuous adsorption mode from the 

effluent  collector. Activated WWS Biochar was added to 

the column, and a peristaltic pump was used to deliver 

concentrated solution through the column at specific flow 

rate as shown in Figure 2 (Kolosionis et al., 2021b).  

 

 
Figure 2. Column Adsorption experimental setup for  

adsorption of pollutants from leachate effluent  

 

Fixed bed adsorption data analysis 

To construct, optimize, and manage an adsorption 

column for water treatment, understanding the influence of 

operational parameters on breakthrough curves (BTC) and 

the maximum capacity of the fixed bed is essential. BTC 

modeling and simulation utilized linearized equations 

from models such as the Thomas, Yoon-Nelson, and 

Adams-Bohart, as adopted from Brion-Roby et al. (2018). 

These models are actively researched for large-scale 

removal of heavy metal effluents, with practical studies 

determining breakthrough curves and saturation points of 

the adsorption process. 

 In [
𝐶𝑡

𝐶0−𝐶𝑡
] = (𝐾𝑡) − KT        (5) 

 

For Yoon Nelson Equation 5 where; Co is Influent 

concentration, Ct is Outlet Concentration at time  t (mg/L), 

K is  Rate constant and T is time required for 50% 

adsorbate breakthrough and 

 

In [
𝐶𝑡

𝐶0
] = (𝐾𝐴𝐵𝐶0𝑡) − 𝐾𝐴𝐵𝑁0(

𝑍

𝑈0
 )      (6) 

For Adams Bohart Equation 6 where 𝐶𝑜 isInfluent 

concentration, 𝐶𝑡 is Outlet Concentration at time t (mg/L), 

𝐾𝐴𝐵  is Kinetic constant, 𝑍 is Bed depth of the fixed bed 

column, 𝑈𝑜 is Superficial velocity (cm/min and  𝑁𝑜 is 

Saturation Concentration. 

In[ 
𝐶𝑡

𝐶0
 ] − 1 = 𝐾𝑡ℎ  (

𝑞𝑜 𝑚−𝐶0𝑡    

𝑄
)     (7) 

For Thomas model Equation 7 where:  𝐶0 is  Influent 

concentration,  𝐶𝑡 is  Outlet Concentration at time t (mg/L) 

𝐾𝑡ℎ is  Thomas rate constant, 𝑞𝑜 is  equilibrium adsorption 

uptake (g), 𝑄 is  The flow rate  (ml/min, t is  v/Q  (v)ml  

(v) the effluent volume and , 𝑁𝑜 is Saturation 

Concentration. The Tomas model was used in this article.  

 

Regeneration studies 

Colum  adsorption was carried out using washed 

biochar, using the same flow rate of 1.12 m/s and the same 

adsorption test setup as in Figure 2, the results were 

compared in order to determine the efficacy of the column 

for repeated usage after adsorption (Patel, 2019). An 

evaluation of the reusability of the biochar by performing 

multiple adsorption-desorption cycles was made .This 

finding is important for practical applications where the 

biochar column may need to be regenerated and reused 

multiple times. This finding is promising for industries 

looking to implement sustainable and cost-effective 

treatment methods for leachate or wastewater purification. 

Further research is needed to optimize the regeneration 

process and maximize the longevity of the biochar column 

for continuous use in various applications (Chen et al., 

2016). The following equations (Khadhri et al., 2019) 

were used to calculate the total mass of the TOC retained  

in  the  column  qtot (mg),  the  maximum column 

 adsorption  capacity  qc (mg/g);  the  total  mass  of  TOC  

pumped  into  the  column mtot (mg)  and  the  removal  

percentage  R :  The  equations  used  to  calculate  these  

parameters  are  as  follows:  

qtot = (C0  −  Ct) × V    (8) 

qc = qtot/m     (9) 

mtot = C0 × V     (10) 

R= 
mtot−qtot

mtot
× 100                  (11) 

where C0 is the initial concentration of the carbon 

adsorbate, Ct is the concentration at time t, V is the volume 

of the column, m is the mass of the adsorbent, and R is the 

removal percentage. These Equations 8-11 provide a 

quantitative analysis of the organic and inorganic carbon 

adsorption process in the column (Binti et al., 2007). 

 



Tshenyego et al., 2024 

186 

RESULTS AND DISCUSSION 

 

Sludge drying results 

The drying times for WWTP sewage sludge exhibit 

significant variation across different sample regions, 

particularly as the drying beds descend. This variation can 

result in drying periods of up to nine hours. The drying 

process is notably influenced by both the moisture content 

and the moisture ratio loss pivotal factors that impact the 

efficiency of the drying process as shown in Figure 3. 

Notably, sludge from Layer 1 of the drying bed demands 

additional energy for drying, making it the most energy-

intensive layer, followed by layers two and three In 

contrast, drying wastewater sludge (WWS) from the 

GWWTP primary settling tank proves to need highest 

energy and time-consuming. 

The drying rate presented by Figure 4, observed at a 

constant temperature of 80°C, displays a linear trend, 

signifying consistent moisture loss over time. To visually 

represent this trend, a moisture ratio curve was constructed 

for each sample, offering a clear indication of the moisture 

loss progression. 

 

 
Figure 3. Comparison of sludge moisture ratios drying 

temperature of 80 ⁰C 

 

 
Figure 4. Comparison of  Sewage Drying Rates at at 

temperature of 80 ⁰C 

 

Layer 1, from Figure 3 is characterized by a higher 

initial moisture ratio, exhibits more pronounced variation 

between the start and end of the drying experiment, while 

Layer 3, owing to its higher solid content, demonstrates 

comparatively less variation. An intriguing observation 

emerges when comparing the drying behavior of Layer 1 

samples with that of sludge from the GWWTP primary 

settling tank, suggesting similarities in their drying 

characteristics. This is the fact that they both have highest 

initial moisture content. Drying WWS at elevated 

temperatures expedites the process, as evidenced by a 

corresponding increase in the moisture ratio versus time 

curve. Despite the higher energy requirement associated 

with higher temperatures, this method demonstrates the 

potential for rapid sludge drying. 

The study further explores the impact of drying rate 

on temperature changes and the speed at which samples 

dry at different temperatures. While the majority of 

moisture is lost per hour in the drying beds as shown in 

Figure 4, layers two and three exhibit less comparable 

moisture loss rates. However, the overall drying process 

exhibits a gradual decrease in speed, with a notable shift 

observed from three and a half hours to five hours for 

achieving 90% moisture elimination. 

 

Wastewater Sludge Pyrolysis under Optimal 

Conditions 

The study utilized desiccators to preserve dried 

Wastewater Sludge (WWS) samples prior to pyrolysis 

experiments. WWS was finely crushed to 0.5 mm particle 

sizes, dried at 105°C for 24 hours, and stored in airtight 

plastic containers. Pyrolysis, following the method 

described by Yuan and Xu (2012) was employed to 

produce WWS Biochar. Approximately 50 g of dried 

wastewater sludge was placed in porcelain crucibles, 

sealed to exclude air, and subjected to heating in a furnace 

for four hours. Following cooling, the samples were 

crushed and weighed to determine the combined weight of 

ashes and biochar. The resultant chars were designated as 

Wastewater Sludge Biochar 400 (WWSBC400) and stored 

in individual plastic bags within a dry environment. Acid-

washed biochars are recognized for their thermal stability, 

facilitating steady combustion. 

 

Table 1. Mass Reduction and ash produced after pyrolysis 

Measures of 

Central 

Tendency. 

Sample 

Mass 

(g) 

Mass 

reduction 

% 

Mass 

of ash 

(g) 

final 

mass 

(g) 

Total 353.83 372.77 6.11 347.72 

Average 27.22 28.67 0.47 49.67 

Standard 

Deviation 
5.23 0.91 0.09 85.93 

Standard Error 2.27 2.39 0.04 4.14 
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Thirteen experiments on sludge pyrolysis revealed an 

average mass reduction of 28.67% as shown by Table 1. 

The consistency observed across data sets suggests a 

reliable and consistent reduction in mass, underscoring the 

viability of pyrolysis as an effective sludge treatment 

method. The substantial average reduction in final mass 

(71.33%) highlights the efficacy of pyrolysis in organic 

material elimination and sludge volume reduction. The 

low standard deviation and standard error values further 

affirm the precision and reliability of the results obtained, 

consolidating pyrolysis as a promising treatment avenue. 

The char yield percentage was determined as per 

Equation 12. The high char yield percentage indicates that 

sewage sludge has the potential to yield a significant 

amount of biochar through pyrolysis. This elevated char 

output underscores the efficient adsorption capabilities of 

biochar derived from sewage sludge, encompassing both 

organic and inorganic carbon molecules. 

Char yeild (%) =
char weight 

Dry Micro Sieved Sludges
∗ 100  (12) 

 

 Char yeild (%) =
347.72

353.83
∗ 100                      = 98.27% 

 

WSBC400 Char Activation and Water Washing 

Techniques 

The study involved washing samples by adding 40 g 

of BCWSS400 to a conical flask containing 100 ml of 

washing water solutions. The mixture was shaken at 200 

rpm for 24 hours, separated by filtration, washed and dried 

at 105°C for 24 hours to remove moisture. The 

supernatants were then filtered with PTFE 0.45 μm 

syringe filters, acidified, and stored for column adsorption. 

Chars produced at moderate temperatures (400°C) were 

not resistant to these washing techniques, indicating 

unstable forms. The efficient decrease in yield after 

washing suggests that ash components in the char did not 

remain intact and could not compromise the fuel's heating 

value  as mentioned by  Kolosionis et al., (2021b). 

Char Yield Percentage after Washing about 96.1%. 

The resulting WWSBC400 was then impregnated with a 2 

grams per grams of (NaOH) sodium hydroxide solution, 

then put in porcelain crucibles and heated for two hours at 

800 °C at a heating rate of 5 °C per minute in a furnace. 

The samples were then cooled then washed through 

distilled water and filtered with PTFE 0.45 μm syringe 

filters resulted  in Activated Biochar (WWSABC400), 

which was rinsed in 0.1 moles per litre (mol/L)  

hydrochloric acid and then washed with water distilled in a 

Soxhlet extractor until neutralization to pH range between 

six and eight (6- 8). WWSABC400 was then dried for 24 

hours at 105°C. Lastly the WWSABC400 was Crushed 

and sieved, and kept in desiccator  ready for adsorption 

column test  (Khadhri et al., 2019). 

 

Characterization WWS Biochar by Physical and 

Chemical Properties 

 

Proximate Analysis 

Table 2 presents the findings of the proximate 

analysis for solid wastewater sludge, pyrolyzed 

wastewater sludge, and activated wastewater sludge.For 

WWSBC400, and WWSABC400, Table 2 solid sample 

had an ash content that was 56.80 weight percent greater 

than that of the activated wastewater sludge and 55.43 

percentage weight higher than that of the pyrolyzed 

samples.  

The pyrolyzed samples exhibited lower fixed carbon 

concentrations than activated sewage sludge, indicating 

improved biochar adsorption. The pyrolysis process 

eliminated volatile organic molecules, rendering biochar 

more stable and eco-friendly. The volatile content of 

sewage sludge significantly decreased during pyrolysis 

and activation, suggesting biochar may preserve both 

types of carbon. The higher fixed carbon content suggests 

better carbon adsorption capabilities compared to the 

original sewage sludge with very low fixed carbon.  

 

Table 2.  Proximate results for Solid, Pyrolysed and Activated 

Sludge 

Proximate 

analysis 

parameter 

Solid 

Sample 

pyrolysed 

Sample 

WWSBC400 

activated  

Sample 

WWSABC400 

Volatile  75.09 15.07 12.65 

Ashe 86.54 31.11 29.74 

fixed Carbon -61.63 53.82 57.61 

 

Determination of Heavy Metals  

To identify heavy metals, an acid digestion process 

was used. Approximately 0.5 grams of each sample were 

subjected to digestion in Aqua Regia, a mixture consisting 

of 2 ml of 65% hydrochloric acid (HCl) and 6 ml of nitric 

acid (HNO₃). The samples were processed in a microwave 

digester at 100°C for 120 minutes, as described by 

Kolosionis et al. (2021). 

The extract was filtered and diluted with deionizer 

water before analyzing the heavy metal content of raw 

sludge SMMSS, WWSBC400, WWSABC400, and 

regenerated biochar. Inorganic elements were concentrated 

in MSBC400, which was produced during pyrolysis. The 

average adsorption capacities of various metals were 
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evaluated for SMSS, PS, AS, and RS. SMSS biochar 

exhibited high adsorption capacities for Fe, Cu, and Al, 

suggesting its potential for removing these metals from 

leachate as shown in Figure 5. However, further research 

is necessary to understand the adsorption mechanisms and 

optimize biochar utilization for carbon adsorption 

(Agrafioti et al., 2013; Zhou et al., 2017). 

 

Figure 5. Elementary results of raw sludge SMSS, 

pyrolyzed sludge PS, activated sludge AS, and 

Regenarated Sludge RS. 

 

 The higher heating values (HHVs) 

The results as presented in Figure 6 showed that 

biochar derived from sewage sludge had a high potential 

for both organic inorganic carbon adsorption and energy 

generation. The HHVs of the samples were found to be 

within the range of 20.834 magajoule per kilograms 

(MJ/kg) to 24.834 MJ/kg, indicating significant energy 

content. This suggests that biochar produced from micro 

sieved sewage sludge can be a valuable resource for 

carbon sequestration and energy production.  

The study investigated the Heating Values (HHVs) of 

sewage sludge samples and found biochar to be a 

promising renewable energy source due to its substantial 

energy content. The combined average HHV was 

calculated to be 24.834 MJ/kg, with a standard deviation 

of 0.655. 

 

 
Figure 6. Experiment for Bob calorimeter WWS Biochar 

Calorific Value 

Variations in HHV levels across different 

experiments may be attributed to differences in feedstock 

or manufacturing processes. However, despite these 

fluctuations, the average HHV remains within a useful 

range for carbon adsorption applications, highlighting the 

potential of biochar for carbon sequestration (Kolosionis et 

al., 2021b). For the calculation of the Fuel Ratio (FR), the 

following Equation 12 was utilized:  

𝐻𝐻𝑉 𝑎𝑓(%) =
HHV

(100 − ash% )
×  100   (12) 

 𝐻𝐻𝑉 𝑎𝑓(%) =
24.834

(100 – 6.11% )
×  100          = 26.45                                     

For the calculation of the fuel ratio (FR), the 

following Equation 13 were used: 

 𝐹𝑅 𝑓𝑜𝑟 =
Fixed carbon

Volatile matter
   (13) 

 𝐹𝑅 𝑓𝑜𝑟 =
57.61

12.65
                         = 4.5541 

Biochar derived from sludge, characterized by a 

higher proportion of fixed carbon compared to volatile 

matter, demonstrates potential for energy production. With 

a Fuel Ratio (FR) value of 4.55, indicating its high energy 

content, it qualifies as a suitable fuel source for energy 

production as supported by  Voivontas et al. (2001). 

 

Adsorptive Properties of Activated, Regenerated 

WWS Biochar  

The study employed the linear Thomas adsorption 

model to simulate the adsorption process of Total Organic 

Carbon (TOC from landfill influent using Wastewater 

Sludge Biochar (WWSABC400) as the adsorbent medium. 

Results indicated a notably high adsorption capacity, 

underscoring the effectiveness of WWSABC400 in 

contaminant removal. This robust adsorption capacity, 

coupled with its potential for energy generation, positions 

biochar sludge as a promising contender for sustainable 

solutions across various environmental remediation 

endeavours (Graves et al., 2022). Figures 7 and 8 depict 

the adsorption of TOC from Gamodubu landfill leachate 

experiment data after multiple rounds of biochar 

regeneration. 

The application of the Thomas kinetic model to the 

activated wastewater sludge biochar resulted in a linear 

plot of ln(C0/(Ct -1)) versus time for TOC as presented in 

Figure  7. The slope of -0.9089 for TOC corresponds to 

the multiplied influent concentration (-K*C0) of the 

Thomas model constant, with an intercept of 6.5107 

corresponding to Equation 7 (Kq0*m/Q). The linear Tomas 

model exhibited a high degree of conformity with the 

experimental data, achieving an R
2
 value of 0.9114 for the 

first round of activated biochar removal. 
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Figure 7. First round Activated biochar Adsorption 

(WWSABC400) of TOC  for Gamodubu landfill leachate 

expriment data fitted to Tomas linear model  

 

 
Figure 8. Comparison between Regenerated biochar (2

nd
 

round to 5
th

 round) and Activated biochar for Adsorption 

of TOC  for Gamodubu landfill leachate expriments all 

fitted to Tomas linear model. 

 

The study utilized the linear Thomas adsorption 

model to assess the adsorption of Total Organic Carbon 

(TOC) from Gamodubu landfill leachate using activated 

WWS biochar WWSABC400. The biochar exhibited an 

adsorption capacity of 389.265 mg/g after 14.5 hours of 

column adsorption for the first round. Successive rounds 

of regeneration yielded varying adsorption capacities, with 

values of 742.82 mg/g, 875.47 mg/g, 682.13 mg/g, and 

735.21 mg/g observed after the first, second, third, and 

fourth regenerations, respectively. The results depicted in 

Figures 7 and 8 suggest that, activated and regenerated 

WWS biochar exhibits substantial adsorption capacity for 

TOC, with promising potential for sustainable 

environmental remediation applications.  

 

CONCLUSION 

 

In conclusion, this study demonstrated the potential of 

biochar derived from sewage sludge at the Gaborone 

Wastewater Treatment Plant (GWWTP) for the adsorption 

of Total Organic Carbon (TOC) from Gamodubu landfill 

leachate. The research found that biochar produced under 

controlled pyrolysis conditions (WWSBC400) exhibited 

significant adsorption capacities, making it a viable option 

for environmental remediation. The biochar showed a 

remarkable TOC removal rate of 94.89% after 17 hours of 

column adsorption, highlighting its effectiveness in 

contaminant removal. The use of sewage sludge biochar 

offers an innovative approach to recycling waste materials, 

contributing to a circular economy and reducing waste 

disposal costs. Beyond leachate treatment, biochar 

improves soil fertility and water quality, promoting 

sustainable agricultural practices. The high energy content 

of biochar (24.834 MJ/kg) suggests its potential as a 

renewable energy source, further enhancing its utility in 

sustainable development. 
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ABSTRACT 

The most essential asset in every construction work is the workers. In this regard, sustainability in construction must 

include and be centred on this vital resource. However, research indicates that civil engineers and construction 

workers often advocate for sustainability in infrastructural developments. This critical asset in construction often 

needs more consideration when people are engaged in construction work despite the many ergonomics challenges 

widely reported in the industry. This leads to workers in this industry being grossly afflicted by injuries such as 

musculoskeletal disorders, particularly of the foot. In addition, changes in global temperatures, attributed to global 

warming, situate civil engineers and construction workers, as they often work in open and challenging terrains, at 

risk of heat-related illnesses such as heat hyperpyrexia and heat exhaustion, which may also aggravate these 

musculoskeletal disorders conditions. However, it is pretty disturbing to notice that such illnesses are less 

investigated, particularly musculoskeletal disorders of the feet, which may be exasperated by the dire heat 

conditions noticeable in Botswana. This is because there is often a need for more knowledge and understanding of 

the risks associated with musculoskeletal disorders (MSDs). Furthermore, expertise in ergonomics is limited to 

assisting in the design of work as well as its conditions. This bequeaths both civil engineers and construction 

workers to operate under very challenging conditions despite pursuance of sustainability. Therefore, this case study 

investigated the prevalence of musculoskeletal disorders of the feet in the construction industry in Botswana with 

the purpose of designing a safety boot that matches the anthropometric measurements of the construction workers' 

feet. The research culminates in the design of a safety boot that is based on the workers' anthropometric 

measurements to prevent the occurrence of MSDs. The results of the study indicate that workers in this industry 

suffer from toe bunions, cons, toe deformities, smelly feet, etc. The study additionally indicates foot size differences 

across Botswana’s tribes. These differences may have severe implications for the use of safety boots and the 

development of ergonomics illnesses, mainly since the current safety boots used are imported from elsewhere with 

no modification to address the anthropometric feet measurements of Batswana. It is anticipated that the research will 

provide the necessary awareness that can help civil engineers explore sustainability not only from the context of 

infrastructural development (objects) but also from the perspective of workers (humans). This underscores the need 

for further research and action in this critical area.  

Keywords: Construction Worker Ergonomics, Musculoskeletal Disorders, Safety Boot Design, Anthropometric 

Measurements, Heat-related Illnesses, Sustainable Construction Practices 
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INTRODUCTION 
 

Ergonomics, the science of designing and arranging 

workplaces, products, and systems to fit the people who 

use them, plays a crucial role in enhancing productivity, 

safety, and comfort. In the context of the construction 

industry, ergonomics is particularly significant due to the 

physically demanding nature of the work, which often 

involves manual labour, heavy lifting, and prolonged 

periods of standing or walking. In Botswana, the 

construction industry is a crucial driver of economic 

growth, contributing significantly to infrastructure 

development. However, the sector faces challenges related 

to worker safety and health, particularly concerning the 

use of safety boots that may need to meet ergonomic 

standards. This study focuses on the ergonomic challenges 

associated with safety boots and their impact on 

construction workers in Botswana. The motivation for this 

study arises from the increasing recognition of the 

importance of worker safety and well-being in achieving 

sustainable infrastructural development. Despite 

advancements in construction technologies and practices, 

the industry continues to grapple with high rates of work-

related injuries and musculoskeletal disorders. In 
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Botswana, construction workers often need help with 

safety boots that are uncomfortable, poorly fitting, and 

inadequate in protecting against hazards. Addressing these 

ergonomic issues is crucial not only for improving worker 

health and safety but also for enhancing productivity and 

job satisfaction. By examining the specific challenges 

related to safety boots, this study aims to contribute to the 

broader goal of sustainable infrastructural development in 

Botswana. The primary objectives of this study were to: 

 Investigate the ergonomic challenges faced by 

construction industry workers in Botswana, with a specific 

focus on safety boots. 

 Assess the impact of these challenges on worker 

health, safety, and productivity. 

 Identify the factors contributing to ergonomic issues 

in the design and provision of safety boots. 

 Provide recommendations for improving the 

ergonomic design and availability of safety boots to 

enhance worker safety and well-being. 

The paper is structured as follows: (i) a literature 

review of existing research on ergonomics in construction, 

focusing on the role of safety footwear, common 

ergonomic issues, and their impacts on worker health and 

safety; (ii) a description of the research methods used to 

gather data on the ergonomic challenges faced by 

construction workers in Botswana, including surveys, 

interviews, and observational studies; (iii) presentation the 

results of the study, discussing the specific ergonomic 

challenges related to safety boots, their causes, and their 

effects on worker safety and productivity; and (iv) 

summarises the key findings of the study, emphasising the 

importance of ergonomic safety boots for sustainable 

infrastructural development and the steps needed to 

improve worker safety and well-being in Botswana. 

 

Literature review  

According to the US Bureau of Labour Statistics 

(2018), the Construction Industry ranks fourth among the 

most dangerous industries in the United States of America 

after Transport, Installation Maintenance and Repair and 

Agriculture. The industry is reported to have an incident 

rate of 127.3 per 10,000 full-time employees.  This is 

based on a variety of roles associated with construction 

work, which ranges, for example, from building to heavy 

and civil engineer constructors. It is reported further that 

workers in this industry use dangerous equipment and 

tools, are exposed to hazardous material and are 

sometimes required to work on elevated vicinities in 

confined spaces. However, in the midst of all this 

seemingly dangerous landscape is the use of the safety 

boots. The use of safety boots is intended to keep 

construction workers safe from potential foot injuries.  

Despite the critical role safety boots play in the 

construction industry, research on the effects of safety 

boots on users appears to be scanty, particularly in 

countries such as Botswana, which are still struggling to 

establish their position on the issue of sustainability for 

both workers and infrastructural developments. 

Nevertheless, where there has been evidence of research, 

such work dwells on the protection offered by the safety 

boots from interferences or hazards from the external 

environment. Minimal regard is given to what goes on 

within the safety boot itself when worn. Oschsmann et al. 

(2016) concur with this view. For example, in their study 

to look at the influence of different safety boots on gait 

and plantar pressure in the automotive industry, Oschmann 

et al. (2016) opined that the overall function of safety 

boots is chiefly based on the avoidance of injury in case of 

an industrial accident. The authors proceed further to 

assert that safety boots must also be seen as a long-term 

preventative instrument for maintaining the health of 

employees, particularly in preventing Musculoskeletal 

Disorders, as they can affect users' gait parameters.  

Additionally, research shows a variety of injuries that 

may be caused by Occupational footwear. For example, 

Barigga et al. (2024), Dobson et al. (2017), Orr et al. 

(2022), and Dumbhare et al. (2022) reviewed the literature 

on the injuries caused by occupational footwear. They 

found that inappropriate footwear can cause injuries to the 

foot and other related bone structures with calluses, nail 

injuries (ingrown) and plantar fasciitis or bursitis. On the 

other hand, Dobson et al. (2017) conducted a systematic 

review of the literature on occupational footwear. They 

concluded that work safety boots design affects the way 

the worker walks (gait), observing that safety boots are 

often designed for occupational safety at the expense of 

comfort. The issue of gait as a problem is also captured by 

Orr et al. (2022). In their study, they also found 

occupational footwear to impact gait, angular velocity, 

joint ranges of motion, posture and balance, heart rate, 

temperature, muscle activity and selected occupational 

tasks. Furthermore, Dumbhare et al. (2022) conducted a 

study to determine the prevalence of foot problems 

associated with wearing safety footwear in factory 

employees wearing footwear for prolonged periods. In this 

study, the researchers found that 62.5% of workers 

suffered from plantar fasciitis while 30% had dead skin 

(corns), 12.5% reported having blisters/swelling on the 

foot and bunion (bulge) on the joint at the base of the big 
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toe. The study showed a significant prevalence of foot 

problems caused by wearing safety footwear.  

Of relevance to this study is the sustainability goal of 

incorporating ethical human considerations in 

construction, the achievement of which is notably 

dependent on the application of ergonomics. According to 

the joint document by International Ergonomics 

Association (IEA) and the International Labour 

Organisation (2019), Ergonomics is the branch of science 

dedicated to studying how people interact with other 

components of a system. In order to maximise both total 

system performance and human well-being, this profession 

also applies theory, principles, data, and methodologies to 

design. The understanding of ergonomics is expected to 

facilitate the design of products, tasks and environments 

that fulfil the user’s physical and cognitive requirements 

(Nadadur et al., 2012). Furthermore, ergonomics advances 

the goal of and recognition of human variability and, as 

such, could play a significant role in helping construction 

and civil engineers design products, tasks and 

environments that cater for this human variability, thus 

promoting sustainability in the industry. It is crucial to 

understand that the field of ergonomics is replete with 

techniques that can be used to address this sustainability 

goal. One such technique is to apply anthropometric 

(human body measurements) data of the local users in the 

design of safety boots for the construction industry in 

Botswana.  

The authors argue that the construction industry in 

Botswana promotes the use of ill-designed safety boots 

that do not conform to the anthropometric measurements 

of local workers. This is premised on the fact that there is 

no local anthropometrics data bank to tap from, which can 

be used to influence the design of ergonomic safety boots 

for construction men and women workers in Botswana. 

Most of the available safety boots originate from outside 

Botswana (China, Australia, South Africa and the USA). 

In minimal situations where manufacturing is done locally, 

foot measurements and standards used to create safety 

boots are based on something other than the 

anthropometric data of locals but on users from safety 

boot’s point of origin. Safety footwear is mandatory in the 

construction industry, and workers are usually engaged in 

an eight-hour day shift (Barriga et al., 2024). That means, 

as long as such vital data is not available, workers in the 

industry will continue to suffer from musculoskeletal 

disorders of the feet, making it difficult for the local 

construction industry to achieve sustainability when the 

very asset central to infrastructural development is not 

healthy. 

MATERIALS AND METHODS 

 

One way of achieving sustainability in this regard is to 

design safety boots based on the anthropometric 

measurements of construction workers in Botswana. When 

designing a product to interact with the human body, 

designers consider the size and shape of people. However, 

human sizes and shapes differ considerably across nations. 

Such variance is also evident in Botswana. In a 

demonstration of this variance, a pilot study was 

conducted that involved collecting anthropometric data 

from workers in construction companies in the main 

villages in Botswana. About 100 construction workers, 

comprising 82 males and 18 females aged 33-54, were 

randomly sampled and recruited from different districts of 

the country for involvement in the study. In addition, 

observations and interviews were also held, and relevant 

data was collected. Anthropometric data from five 

different dimensions of areas of the foot were obtained. 

The dimensions covered the foot length, ball of foot 

length, outside ball of foot length, foot breadth diagonal, 

heel breadth, navicular height, instep height and heel to 

malleolus. These dimensions are represented as A, B, C, 

D, and E in Figure 1.  

 

 
Figure 1. Foot areas measured 

 

After that, the data was processed with statistical software 

(SPSS) to determine the means, standard deviation, 
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minimum and maximum values, as well as the 5
th

, 50
th

 and 

95
th

 percentiles for each foot segment. The Pheasant & 

Haslegrave (2018) Protocols were used to collect data. In 

this regard, three measurements for each foot area 

measured were obtained, and later, an average was 

calculated to represent a specific foot area measurement. 

This was purely done to reduce the margin of error in data 

recording. From the data collected, about eight 

communities emerged in the study. These communities are 

captured in the research as TA, TB, TC, TD, TE, TF, TG, 

TH, TI and TJ. They are shown in Tables 1, 2, 3 and 4. 

The data was later analysed to determine the 95%ile, 

and 5% being the two extremes (largest and smallest) of 

the user population relevant to the design of the safety 

boots for each of the foot areas measured. It was here 

necessary to use percentiles rather than averages as using 

averages may have severely disadvantaged users with 

more than average dimensions (i.e. half the users). These 

percentiles were then used to calculate the correct 

dimensions of the boot. For purposes of Intellectual 

Property (IP) the dimensions are not included in the paper. 

Furthermore, for ethical considerations, the authors used 

letters as references to tribes that emerged from the study. 

These are TA, TB, TC, TD, TE, TF, TG, TH, TI, and TJ. 

Table 1 shows differences in foot size for males, while 

Table 2 shows differences in female foot size.  

 
Table 1. Largest male foot anthropometrics among 

community 

Tribe 
Measurement in (cm) 

A B C D E 

1 TA 31.0 11.3 6.9 6.1 9.1 

2 TB 28.6 11.0 7.2 6.6 9.2 

3 TC 26.8 10.9 7.4 6.3 8.4 

4 TD 31.4 10.8 7.1 6.4 8.5 

5 TE 31.0 11.3 6.9 6.1 9.1 

6 TF 30.9 10.8 7.0 6.4 8.6 

7 TG 30.1 10.5 6.9 6.3 8.0 

8 TH 30.8 11.2 7.0 6.7 8.8 

9 TI 30.2 10.9 6.9 6.4 7.9 

10 TJ 29.6 11.1 6.5 6.2 8.8 

 
Average 30.0 11.0 7.0 6.4 8.6 

 SD 1.41 0.25 0.23 0.20 0.45 

 

 

Table 2. Smallest male foot anthropometrics among 

community 

Tribe 
Measurement in (cm) 

A B C D E 

1 TA 25.8  9.6  6.4  6.1  7.5  

2 TB 27.0  9.9  6.7  6.2  8.1  

3 TC 25.9  9.8  6.5  6.3  7.9  

4 TD 29.5  10.0  6.9  6.5  7.4  

5 TE 28.2  10.9  7.0  6.2  8.8  

6 TF 24.8  9.3  6.0  5.6  7.4  

7 TG 27.4  10.1  6.9  6.5  8.1  

8 TH 30.2  10.4  7.2  6.7  8.8  

9 TI 26.9  9.8  6.6  6.3  7.8  

10 TJ 28.8  10.4  6.9  6.2  8.5  

  Average 27.5  10.0  6.7  6.3  8.0  

 SD 1.73 0.46 0.35 0.3 0.53 

 

Table 3. Largest female foot anthropometrics among 

community 

Tribe 
Measurement in (cm) 

A B C D E 

1 TF 23.7  8.4  5.8  4.7  5.7  

2 TG 24.1  8.7  6.4  5.3  6.1  

3 TD 21.6  9.3  6.1  4.8  6.5  

4 TB 21.4  9.0  6.0  5.2  6.1  

5 TA 20.5  8.4  5.9  5.0  5.8  

  Average 22.3  8.8  6.0  5.0  6.0  

 SD 1.56 0.39 0.23 0.25 0.31 

 

Table 4. Smallest female foot anthropometrics among 

community 

Tribe 
Measurement in (cm) 

A B C D E 

1 TF 17.9  9.2  6.2  5.2  6.7  

2 TG 20.8  7.9  5.9  4.7  5.9  

3 TD 20.4  8.0  5.8  5.0  5.7  

4 TB 21.4  9.0  6.0  5.2  6.1  

5 TA 19.6  8.7  6.4  5.4  6.6  

  Average 20.0  8.6  6.1  5.1  6.2  

 SD 1.35 0.59 0.24 0.26 0.44 

Foot-related injuries 

Construction workers in Botswana often suffer from 

various foot-related injuries and illnesses. One common 

issue observed is the development of corns or calluses, 

which may develop from repeated friction and pressure on 

the skin, often caused by ill-fitting boots. There was 

evidence of workers wearing boots with loose soles and 

torn or softened heels (Figure 2). These compromised 

safety boots may not protect workers from dangerous 

materials on the ground, such as sharp objects and nails. 

The deterioration of these boots also increases the risk of 

slips, trips, and falls, further compromising workplace 

safety. 

 

 

RESULTS AND DISCUSSION   
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Symptoms of calluses were found on the underside of 

workers' feet, along with skin discoloration and damage. 

These symptoms not only cause discomfort but can also 

alter a worker's gait, potentially leading to musculoskeletal 

issues if left unaddressed. 

Figure 3 illustrates damaged boot soles. In some 

instances, the soles seemed to peel off from the safety 

shoes. Such boots no longer offer adequate protection 

from injuries that can be caused by nails or other sharp 

objects on the ground. This level of damage also 

compromises the boot's ability to provide proper support 

and cushioning, which could contribute to fatigue and 

long-term foot health issues. 

 

 
 

 
Figure 2. Worn-out boot in use. 

 
Figure 3. Worn-out safety boot sole. 

 

Feet dimension and design 

The results of the study revealed differences in feet 

anthropometrics measurements across male workers and 

female workers. For example, the average cross-foot 

length for males is 30 cm (Table 1), while the average 

cross-foot length for females is 22 cm (Table 3). This 

accounts for a difference of 8 cm between males' and 

females' feet. The longest male cross-foot length measured 

a whopping 31.4 cm, while the longest female cross-foot 

length measured 24.1 cm. These differences were also 

apparent across the different communities in Botswana. 

For example, Community D (TD) accounted for the largest 

male cross-foot length, while Community G (TG) 

accounted for the longest female cross-foot length, and 

Community B (TB) accounted for the smallest cross-foot 

length (Tables 1, 2 and 3). As can be observed, one’s foot 

could be shorter in one dimension, while its other areas 

could be larger. For example, while Community D (TD) 

have the largest cross-foot length of 31.4 cm, they have a 

10.8-foot length and 8.6 MTPJ less than TA and TB, 
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respectively, as shown in Table 1. These differences can 

create severe challenges for designers, hence the use of 

percentile values and not average dimensions for the 

design.  Furthermore, it was clear from the study that in 

this company, construction workers had foot-related 

injuries such as cons/calluses and bunions. Notably, 80% 

of the boots were worn out and had only been used for a 

period of three months.  Some of the safety boots had their 

steel- caps exposed and their soles torn out. The same 

safety boots allowed water to penetrate the feet when worn 

and in contact with water. Furthermore, soil and mud 

accessed the inside of the safety boots, and the safety 

boots were found to be extremely heavy.  In addition, 

workers generally wore worn-out safety boots, as shown in 

Figures 2 and 3. This is not surprising as some of the 

safety boots are used as regular shoes even beyond the 

legal eight-hour per day period of work. Equipped with 

this data, the researchers applied the University of 

Botswana New Product Development (UBNPD) process 

to design the safety boot (Figure 4). Inspired by the work 

of (Kotler and Keller, 2006), this approach also considers 

the socio-cultural context, sustainability considerations 

throughout the development process of a product and 

competencies needed in the model. It reflects on the 

design landscape to enhance sustainability (Rapitsenyane 

and Sserunjogi, 2023). The process in Figure 4 offers a 

structured approach through a five-phased design process 

(inquire, define, design, validate and deliver) in which 

sustainability is taken up at each phase (Moalosi and 

Rapitsenyane, 2023).  

In this regard, sustainability is attained by applying 

anthropometric data to innovate an ergonomic safety boot, 

as depicted in Figures 4 and 5. The prototype has a 

pending design utility model to be granted by the 

Companies Intellectual Property Authority. Figure 6 

depicts the prototype of an ergonomic safety boot 

designed using anthropometric data obtained from local 

construction workers. 

 

Limitations of the study 

The first limitation encountered centred on culture. 

Traditionally, in Botswana, it is taboo to require people to 

provide their foot measurements. This practice is 

associated with witchcraft referred to in the local language 

as ‘go tsaa lonao’ and interpreted to mean having 

information about one foot for witchcraft purposes. The 

researchers came across a lot of resistance as construction 

workers were initially reluctant to provide relevant data. 

The presence of foot injuries and disease symptoms did 

not help the situation either, as more workers had such 

health problems. For them to provide data, construction 

workers were required to reveal their injuries and wounds 

by removing their safety boots for data collection. Finally, 

as this was a design exercise meant to come up with an 

innovation, intellectual property issues were also a 

limitation, as some information and data would have to be 

held back before proper protection documents could be 

finalised.

 
Figure 4. The University of Botswana New Product Development process (Moalosi and Rapitsenyane, 2023).  
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Figure 5. The designed safety boot  

 

 

 

 

 

 
Figure 6. Ergonomic Safety Boot prototype for 

construction workers in Botswana. 

CONCLUSION AND RECOMMENDATION 

 

This study has highlighted the critical role of ergonomics 

in promoting sustainable infrastructural developments in 

Botswana, with a specific focus on the ergonomic 

challenges faced by construction industry workers due to 

safety boots. By investigating the ergonomic issues related 

to safety boots, we have underscored the significant 

impact these challenges have on worker health, safety, and 

productivity. The findings reveal that poorly designed 

safety boots contribute to discomfort, injuries, and reduced 

efficiency among construction workers, which, in turn, 

affects overall project outcomes and sustainability goals. 

The objectives of this study were to explore the 

specific ergonomic challenges associated with safety 

boots, assess their impact on workers, identify contributing 

factors, and provide recommendations for improvement. 

Through detailed analysis of the data obtained from 

construction workers, the objectives were to provide 

valuable insights into the ergonomic shortcomings of 

current safety footwear and offer practical solutions for 

enhancing their design and availability. Ergonomics 

supports sustainability in many ways, as it can enhance 

health by reducing the risks of injuries and illness in the 

workplace. When designing a product to interact with the 

human body, designers consider the size and shape of 

people. However, human sizes and shapes differ 

considerably across nations. Such variance is also evident 

in Botswana. The safety boot designed based on 

anthropometric data demonstrates how such data can be 

used to protect people in the construction industry, and 

this is how sustainability in this context can be achieved. 

Addressing the ergonomic needs of construction 

workers, particularly in the context of safety boots, will 

significantly improve worker well-being, reduce injury 

rates, and boost productivity. This, in turn, supports the 

broader goal of sustainable infrastructural development in 

Botswana, ensuring that construction projects are not only 

economically viable but also socially responsible and 

environmentally sound. Implementing the 

recommendations from this study can lead to better-

designed safety boots that cater to the ergonomic needs of 

workers, thereby fostering a safer, healthier, and more 

productive construction industry. 

To address the ergonomic challenges highlighted in 

this study, it is recommended to collaborate with footwear 

manufacturers to develop safety boots tailored to the 

specific anthropometric measurements of Botswana's 

construction workforce. Utilising local data will ensure a 

better fit, enhance comfort, and reduce foot-related 

injuries. Implementing training programs focused on the 

importance of proper footwear, foot health, and 

ergonomics can empower workers to make informed 

choices and promote a culture of safety. Additionally, 

adopting culturally sensitive data collection methods—

such as indirect measurements or anonymised data 

gathering—can overcome barriers and facilitate the 
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acquisition of accurate information necessary for 

designing ergonomic safety equipment. 
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ABSTRACT 

Understanding the terrain and its impact on watershed characteristics, streamflow, and sediment loading is crucial 

for effective water resource management. This study investigates the influence of resampled Digital Elevation 

Models (DEM) on the prediction of watershed characteristics, streamflow, and sediment loading upstream of Oyun 

River Watershed, Nigeria. Various DEM resolutions, ranging from 30-meter to 90-meter, were analysed to assess 

their effects on hydrological predictions. To delineate the watershed, a DEM of 90-meter resolution was sourced 

from the space Shuttle Radar Topography Mission (SRTM), and the ASTER global DEM data sources. The 90-

meter resolution was resampled to four different resolutions which are 75-meter, 60-meter, 45-meter, and 30-meter 

resolutions. The watershed and streamline were delineated, and the hydrologic simulation was performed using Soil 

and Water Assessment Tool (SWAT). The research findings revealed that changes in DEM resolution had a 

negligible impact on streamflow predictions within the Oyun River Watershed. However, a noticeable impact was 

observed in the prediction of sediment concentration. The 90-meter resolution DEM yielded the lowest predicted 

sediment concentration, measuring 2.28 mg/l, while the 30-meter resampled DEM produced the highest value at 

5.21mg/l. Similarly, the sediment yield (SYLD t/ha) exhibited considerable variation across the different DEM 

resolutions, with the 90-meter DEM demonstrating the lowest value of approximately 528.90 t/ha, and the 30-meter 

DEM registering the highest at 2145.57 t/ha. Overall, this research highlights the necessity of careful DEM selection 

in hydrological modelling to ensure a comprehensive understanding of watershed dynamics, particularly in regions 

where sediment transport and water quality are of paramount concern. 

Keywords: DEM, Hydrological Modelling, Nigeria, Sediment Loads, Watershed 
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INTRODUCTION 
 

Accurate prediction of streamflow, sediment concentration 

and yield in a river catchment is essential for sustainable 

management of water resources at the watershed level. To 

achieve this, hydrological modelling is necessary, and the 

application of Geographical Information Systems (GIS) 

combined with Digital Elevation Model (DEM) has 

significantly improved this process. Digital Elevation 

Models (DEMs) play a pivotal role in understanding and 

modelling terrain characteristics, which have far-reaching 

implications for various fields, including hydrology, 

geology, environmental science, and engineering. DEMs 

are digital representations of the Earth's surface, capturing 

elevation data at discrete points in a grid format. They are 

instrumental in depicting topographic features, such as 

mountains, valleys, and river basins, which are essential 

for a range of applications. 

However, one common challenge associated with the 

use of DEMs in hydrological modelling is their spatial 

resolution, which refers to the size of each grid cell and, 

consequently, the level of detail they can capture. In many 

cases, DEMs are derived from remote sensing data 

sources, such as satellite imagery or airborne LiDAR 

(Light Detection and Ranging), and the chosen spatial 

resolution may not fully capture local topographic 

variations or fine-scale features. To address this limitation, 

researchers often employ resampling techniques. 

Resampling involves altering the spatial resolution of a 

DEM by aggregating or disaggregating data points. By 

doing so, researchers can enhance the level of detail in 

specific regions or reduce computational demands for 

large-scale analyses. The selection of an appropriate 

resampling technique is a critical decision in DEM 

processing, as it directly impacts the accuracy and 

reliability of subsequent analyses Digital Elevation 
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Models (DEMs) are essential tools for studying land 

surface processes and modelling the flow of water and 

sediment in river catchments (Viglione et al., 2013). 

DEMs provide a digital representation of the elevation of 

the land surface, typically at a spatial resolution ranging 

from several meters to several kilometres (Dávila-

Hernández et al., 2022; Badamasi et al., 2022). DEMs can 

be used for a wide range of applications, including terrain 

analysis, land use planning, environmental monitoring, 

and hydrological modelling (Tang et al., 2009). The 

development of DEMs has revolutionized hydrological 

modelling by providing a detailed and accurate description 

of the topography of river catchments (Wu et al., 2013). 

Based on the foregoing, it is common to resample 

DEMs to a coarser resolution to reduce computational 

requirements (Dixon and Earls, 2009; Choi et al., 2015; 

Muthusamy et al., 2021). Resampling involves averaging 

or aggregating elevation values over larger grid cells, 

which can result in a loss of fine-scale terrain details 

(Badamasi et al., 2022). However, high-resolution DEMs 

can also pose computational challenges due to their large 

file size and processing requirements. Therefore, it is 

essential to carefully consider the effects of DEM 

resolution on the accuracy of predictions and to use 

appropriate methods to account for errors introduced by 

resampling. 

 This research investigated the effects of various 

resolutions by resampling of an existing DEM. The study's 

specific goal was to use DEM, GIS, and SWAT to model 

the drainage pattern and predict the flow and sediment 

loadings on river catchment in Nigeria. Some challenges 

and opportunities of using SWAT to predict basin water 

characteristics within a river catchment could be identified 

through the application of SWAT for hydrological 

modelling and prediction of flow and sediment loadings. 

 

MATERIALS AND METHODS 

 

Description of the Study Area 

The study area is Oyun River Basin, which has a 

terrain elevation of 259 meters above sea level and can be 

found between latitudes 90. 501 and 80. 241 North and 

Longitudes 40. 381 and 40. 031 East. The river Oyun, 

which starts near Ila Orangun in Osun State of Nigeria at 

an elevation of 465.003 m above the sea level, flows for 

about 80 kilometres to the northeast and converges with 

river Asa in Kwara State. The area of Oyun in Kwara State 

is located southeast of Ilorin and is known for its open and 

undulating terrain, rocky outcrops, and varying slopes in 

the northwestern portion. It is a region of Nigeria's grass 

plains that is mostly used for farming with only a small 

section of forest reserve.  River Oyun is a major water 

source for Offa town and its neighboring areas, and it also 

supplies raw water for the University of Ilorin,  Ilorin 

water supply scheme. Figure 1 shows a map of the Oyun 

River basin, which includes a network of rivers and 

catchment areas.  

 

Figure 1. Map of Nigeria showing the location map of the 

study area. 

 

Model Selection and Description 

The model used in this study is the soil and water 

Assessment Tool, SWAT (Neitsch et al., 2005). The 

selection of SWAT for this study was based on many 

reasons. For instance, SWAT is an existing software that is 

available for free on SWAT website. Also, based on past 

studies, it has been confirmed as an efficient tool in the 

modelling of hydrological processes (Adeogun et al., 22; 

Adeogun et al., 2015; Adeogun et.al, 2014; Betrie et al, 

2011). The SWAT model originated from the 

collaborative efforts of the U.S. Department of Agriculture 

– Agriculture Research Service (USDA-ARS) and 

operates on a continuous time basis as a conceptual model. 

Its integral components encompass weather patterns, 

hydrological processes, erosion and sedimentation 

dynamics, plant growth mechanisms, among others. 

Within the agricultural realm, it accounts for variables like 

fertilizers, crops, tillage methods, grazing, and even the 

incorporation of point source loads (Neitsch et al., 2009).  

 

Model Input Data 

The basic spatial input datasets used by the model 

include the Digital Elevation Model (DEM), Land use/ 

cover data, soil data and weather data. Digital elevation 

model used in this study is of resolution 90 m x 90 m and 

was obtained from online database developed by United 

State Department of Agriculture (CGIAR, 2012). The 

DEM (Figures 2 to 6) provides the basis for watershed 

delineation into sub-basins. The Land use map (Figure 7) 
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used for the modelling was downloaded from the Global 

Land Cover Characterization (GLCC) database and has a 

spatial resolution of 1Km and 24 classes of landuse 

representation (GLCC, 2012). The digital soil data for the 

study was extracted from harmonized digital soil map of 

the world (Harmonized World Soil Database (HWSD) 

produced by Food and Agriculture Organization of the 

United Nations, Rome (Nachtergaele et al., 2009). 

Meteorological data necessary to run the SWAT model 

was obtained from Nigerian Meteorological Agency 

(NIMET) station based in Ilorin, Kwara State. The data 

collected includes daily precipitation, maximum and 

minimum temperature, solar radiation, relative humidity, 

and wind speed. The weather variables for driving the 

hydrological balance within the watershed were for a 

period of 19 hydrological years i.e. (January 1, 2001, to 

December 31, 2019). 

 

 
Figure 2.  DEM of 90 m resolution of the study area. 

 

 
 

 
Figure 3.  DEM of 75 m resolution of the study area. 

 
Figure 4.  DEM of 60 m resolution of the study area. 

 

 

 

 

Figure 5.  DEM of 45m resolution of the study area. 

 

 

 

Figure 6. DEM of 30 m resolution of the study area. 
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Figure 7.  Landuse map of the study area. 

 
Watershed delineation into sub-basins and 

Hydrologic Response Units (HRUs) 

The delineation of the watershed was achieved using 

reprojected DEM of the study area. A total of 55 sub-

basins were created in the watershed and was subdivided 

into 59 hydrologic response unit (HRUs) for all the 

resampled DEM and the watershed was delineated 

automatically. The HRU is the smallest spatial unit needed 

for running the hydrological model. Figure 8 shows the 

delineated subbasins of the study area for all the resampled 

DEM.  

 

 

Figure 8. Watershed Delineation and Hydrological 

Response Unit (HRU)  

 

SWAT Setup and Run 

SWAT was executed using the Soil Conservation 

Service (SCS) Runoff Curve Number method for 

estimating surface runoff from precipitation. The SCS 

curve number method is a rainfall-runoff model that was 

designed for computing excess rainfall (direct runoff). 

This method assumes an initial abstraction before ponding 

that is related to curve number. The daily weather was 

prepared and imported into the model.  The resampled 

DEM of resolution 90 m, 75 m, 60 m, /45m, 30m were 

used in turn in conjunction with other spatial and temporal 

data for the prediction of flow and the sediment loadings. 

The simulation period is from 01 January 2001 to Dec 31, 

2019. All the necessary files needed to run SWAT were 

written, and the appropriate selection of weather sources 

done before running the SWAT executables. 

 

RESULTS AND DISCUSSION 

 

Effect of DEM Resolution on Watershed 

Characteristics 

The analysis of the effect of DEM resolution on 

watershed characteristics revealed a clear relationship 

between DEM resolution and watershed area (check Table 

1 for details).  As the DEM resolution becomes finer 

(smaller), the calculated watershed area generally 

decreases. For instance, the 30-meter DEM resolution 

results in the smallest watershed area, while the 90-meter 

resolution yields the largest. This trend suggests that 

higher resolutions capture finer details of the terrain, 

resulting in the identification of smaller, more defined 

watersheds. In essence, higher resolution DEMs provide a 

more accurate representation of the landscape's intricacies, 

allowing for the delineation of smaller drainage areas. The 

study also examined the number of sub-basins across 

different DEM resolutions. Interestingly, the number of 

sub-basins remains relatively consistent across the various 

resolutions, with only minor variations. This finding 

indicates that the delineation of sub-basins is less sensitive 

to changes in DEM resolution compared to watershed 

area. While higher resolutions offer greater detail in terrain 

representation, they do not significantly impact the overall 

number of sub-basins. This suggests that sub-basin 

delineation may be less influenced by the level of detail in 

the elevation data. 

The analysis of cumulative stream length provides 

insights into how DEM resolution affects the 

representation of stream networks within watersheds. It is 

observed that as DEM resolution becomes finer, the 

cumulative stream length generally increases. This 

phenomenon can be attributed to the improved accuracy in 

depicting the elevation data at higher resolutions. Finer 

resolutions allow for a more precise identification of 

stream channels and, consequently, lead to longer 

cumulative stream lengths. Therefore, researchers aiming 

to analyse stream networks in detail should opt for higher-
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resolution DEMs to ensure accurate results. The 

assessment of average slope values across different DEM 

resolutions indicates a notable trend. Lower DEM 

resolutions tend to produce slightly higher average slope 

values, which signify steeper terrain representation. 

Conversely, higher DEM resolutions result in slightly 

lower average slopes, indicating a smoother representation 

of the terrain. This trend highlights the importance of 

considering DEM resolution when assessing the steepness 

of a landscape. Coarser resolutions may exaggerate slope 

values, while finer resolutions provide a more realistic 

depiction of the terrain's gradient.  

 

Effect of Resampled DEM on the prediction of 

Stream Flow 

At the outset, the lowest predicted average annual 

stream flow value observed was 2229.91m³/s. This value 

was obtained using a lower resolution of 90 m by 90 m for 

the hydrological modelling process. However, when the 

DEM resolution was adjusted to a finer level of 75m, the 

maximum predicted stream flow value increased to 

2345.14 m³/s. This suggests that refining the resolution of 

the DEM can lead to higher predicted stream flow values. 

Further experimentation with resolutions of 45 m and 30m 

resulted in a relatively stable range of predicted stream 

flow values. At a resolution of 45m, the stream flow 

values remained consistently between 2341.29 m³/s and 

2344.19 m³/s, while at 30 m resolution, a similar stability 

was observed. This stability in the predicted values implies 

that reducing the DEM resolution beyond 60 m might not 

significantly impact the stream flow predictions.  

Similarly, for average monthly predicted flow, the 

lowest predicted value of 185.83 m³/s was obtained using 

a coarser DEM resolution of 90m by 90m. However, upon 

refining the DEM resolution to 75m, this value increased 

to its peak at 195.43 m³/s. It was noticed that there was a 

remarkable consistency within the range of 195.11 m³/s to 

195.10 m³/s. This consistency emerged at even finer 

resolutions, specifically 45 m and 30 m respectively. The 

steadfastness in values across these resolutions implies 

that modifications to the DEM resolution below the 60 m 

threshold bear minimal impact on the projected stream 

flow values pertaining to the river. The study's findings 

align with prior research conducted by Ghaffari (2011) 

and Arega et al. (2015), both of which concluded that 

DEMs resolutions have a notable influence on predicted 

runoff, sediment yield, and stream flow values.  This 

emphasizes the importance of considering DEM 

resolution's impact on hydrological processes, underlining 

the need for optimizing DEM resolution to ensure accurate 

measurement and prediction of stream flow. Table 2 

provides more details information about predicted flow 

and sediment by each of resampled DEM. 

 

Table 1. DEM resolutions and watershed characteristics in the study area 

DEM   Sub-basins   Cum. Stream length (m)    Average slope       

90 m  55       287,136  0.17 

75 m  53       288,276  0.16 

60 m  53       289,765  0.16 

45 m  53       291,283  0.17 

30 m  53       292,110  0.17 

 

Table 2. Details information on predicted flow and sediment by each of resampled DEM 

S/N DEM(m) Av. Annual Flow(m3/s) Monthly sedcon(mg/l) Sed.Yld(t/ha) 

1 90 x 90 2229.9 19075.0 528.9 

2 75 x 75 2345.1 41986.9 1926.1 

3 60 x 60 2338.0 40537.3 1965.1 

4 45 x 45 2341.3 42181.2 2080.0 

5 30 x 30 2341.2 43437.2 2145.6 

 
Effect on the Prediction of Sediment 

Concentration and Sediment Yield 

The results highlighted the significance of DEM 

resolution on sediment concentration measurements. 

Among the various resampled DEM resolutions, it was the 

30m resolution that stood out, recording the highest 

predicted sediment concentration value of 521,246.94 

mg/l. This finding underscored the substantial influence of 

DEM resolution on sediment concentration measurements. 

Further analysis unveiled a direct correlation between 

predicted sediment concentration and DEM resolution. 

This correlation was consistent throughout the resolution 

range, with the 90 m resolution revealing the lowest 

sediment concentration of 228,899.70 mg/l, as indicated in 
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Table 2. The sediment yield values varied significantly 

between different DEM resolutions. For instance, the 90 m 

resolution DEM yielded the lowest sediment yield value of 

approximately 528.90 t/ha, while the 30m resampled DEM 

demonstrated the highest value of 2145.57 t/ha. This 

discovery held crucial implications, suggesting that the 

precision of sediment yield estimates is greatly influenced 

by the DEM resolution chosen.  

Table 2 provides a comprehensive glimpse into the 

monthly predictions across various resampled DEM 

resolutions, unveiling crucial insights into the interplay 

between DEM resolution and key hydrological metrics.  

Predicted flow values serve as a vital indicator of water 

movement, representing the volume of water traversing a 

specific river point over a given time frame. In parallel, 

sediment concentration values quantify the quantity of 

suspended sediment particles within the water column, 

measured in milligrams per liter (mg/l). 

 Additionally, sediment yield values encapsulate the 

mass of sediment transported across a unit area, expressed 

in tons per hectare (t/ha). Upon analysis, a consistent trend 

was observed with the finer DEM resolutions yield 

marginally higher predicted flow values and sediment 

concentration levels. This trend follows logically, as finer 

resolutions capture complex terrain details more 

comprehensively, thereby enabling more accurate 

simulations of flow dynamics and sediment transport 

processes. The parallel increase in sediment yield values 

with finer DEM resolutions signifies that the heightened 

detail enables the modeling of sediment transport with 

greater precision. As the resolution becomes finer, the 

model can account for smaller variations in terrain, 

enhancing its ability to estimate sediment transport across 

the landscape.  

 

CONCLUSIONS 

Based on the outcome of this study, the following can be 

concluded: 

i. The SWAT model's analysis revealed significant 

variations in streamflow, with Subbasin 51 having the 

highest streamflow and Subbasin 23 the lowest. This 

emphasizes the need for tailored management strategies 

considering local factors and watershed characteristics to 

effectively address water resource challenges. 

ii. As the Digital Elevation Model (DEM) resolution 

became finer, shifting from 90m x 90m to 30m x 30m, 

there was a consistent increase in predicted sediment 

concentration, indicating that finer resolutions provide a 

more detailed representation of terrain and hydrological 

features, leading to higher sediment concentration 

predictions.  

iii. Moreover, there was a consistent trend of increasing 

values in both sediment yield and concentration as the 

DEM resolution decreased, implying that finer resolutions 

better capture localized terrain variations and hydrological 

features, resulting in elevated sediment predictions. 

In conclusion, this study provided significant 

contributions to the understanding of sediment-related 

dynamics in relation to DEM resolution. The intricate 

relationship between sediment concentration, sediment 

yield, and DEM resolution has far-reaching implications 

for water resource management, erosion control, and 

environmental planning.  
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ABSTRACT 

For the past decade Botswana’s construction industry has been embroiled in a lot of controversies based on 

construction project constraints. These are characterized by construction project delays, budget overruns as well as 

scope creep and some of these construction projects have been deemed unsuccessful by different stakeholders. To 

find a mitigating factor for these problems, construction project constraints must be investigated beyond just the 

triple constraints to provide a solution for the Botswana construction industry. Therefore, the overall purpose of this 

study was to investigate how construction project constraints and stakeholders influence the outcome of a project. 

The study adopted a qualitative approach through face-to-face interviews with selected stakeholders such 

construction professionals, clients and other beneficiaries in the Gaborone and greater Gaborone areas. Thematic 

analysis was used to analyze data. The findings of the study established that the success of a construction project is 

subjective and is based on who is being asked, the construction professionals, the client and other beneficiaries had 

different perspectives on success of a project. The study revealed that initial constraints in a construction project 

tend to be carried along to the final stages of a construction project. However new few construction project 

constraints also emerge at the final stages of a construction project. The study found that stakeholders such as the 

client and other beneficiaries have a significant impact on construction projects due to their influence both positive 

and negative depending on the level of engagement.  

Keywords: Factors of project success, Project constraints, Stakeholders, Triple constraints 
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INTRODUCTION 
 

A construction project is a temporary endeavor in which 

multi disciplines in the built environment collaborate for a 

common goal within a defined start and finish time by 

factoring in the triple constraints (Sunke, 2009). 

Historically project success has been linked to the iron 

triangle of time, cost, and quality (Barnes, 1988). A case 

can be put that balancing only the triple constraints may at 

times prove to be futile, its critical for project managers to 

balance beyond the iron triangle. Therefore, there is need 

to analyze the impact and negotiate other sides of the 

construction project constraints to deliver a service or 

product (Prakash, 2021). Many topical issues which have 

implications for the construction industry have so far only 

been discussed, but few to a significant extent in the 

context of industrialized countries regarding construction 

project constrains (Ofori, 2000). The main objective of 

construction projects is to complete the construction on 

time and within budget without sacrificing quality (Sweis, 

2013). For most construction industries including that of 

Botswana, the attributes of cost, time and quality are often 

elusive. While the industry has been commended in 

improving and upgrading construction and civil 

engineering infrastructure, some reports indicate otherwise 

(Sentongo, 2005). Therefore, the objective of the study 

was to investigate the influence of stakeholders on 

construction project success. The rest of the paper is 

structured as follows: presentation of the background 

followed by methods, results and lastly conclusions.  

 

Background 

This section discusses the project constraints, triple 

constraints, other project constraints and shift to project 

success, project stakeholders and how this affect project 

success. 

 Project constraints 

A constraint is an aspect that limits system 

performance in each environment (Mayer et al., 1995). 

Most studies when they discuss project constraints in 

construction project management, focus mostly on the 

triple constraints of time, cost, and quality. However, 

construction projects have become more complex and as 

such have become multiple constraints based (Mishra and 

Mallik, 2017). Therefore, the section will seek to highlight 

on the iron triangle and discuss other project constraints 

that affect construction projects. 
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 The triple constraints 

The theory of the triple constraint states that: the triple 

constraint, is a triangle of time, cost and performance that 

bounds the universe within which every project must be 

accomplished (Dobson, 2004). The triple constraints were 

originally conceived as a framework to enable project 

managers to evaluate and balance the competing demands 

of cost, time, and quality as illustrated in Figure 1 

(Atkinson, 1999). Subsequently the triple constraints 

became the de facto method that defines and measures 

project success with the general perception amongst 

project managers, that a successful project is based on 

these three criteria alone (Shenhar and Dvir, 2007). 

 

  
Figure 1. Iron triangle. Source: Atkinson (1999). 

 

 Other project constraints 

A construction work environment infuses a multi-

party participation; therefore, needs and constraints in a 

multi discipline situation bring complications in the 

construction sector (Lau & Kong, 2004). Amusan et al., 

(2021) states that the modern-day construction industry 

projects are high risk and have given way to more 

constraints beyond the iron triangle and as such these 

constraints threaten the successful delivery of construction 

projects. Mishra and Mallik (2017) and several other 

scholars identified construction project constraints into the 

following categories: economic constraints legal 

constraints environmental constraints technical constraints 

social constraints and political constraints. 

 Project success  

Successful project can be defined as having achieved 

the project objectives: within time within cost and at the 

desired performance/technology level while utilizing the 

assigned resources effectively and efficiently and are 

accepted by the customer (Kerzner, 2018). However, 

project success is not to be simply meeting the pre-defined 

triple constraint set as adjusted during the project.  Project 

success is also in the eye of the beholder, that is, those 

individuals, enterprises, agencies, institutions, who are the 

stakeholders (Cleland and Ireland 2002). While we would 

like to say that we have a clear set of goals by using the 

triple constraint, we see that this varies based on the 

perspective of the stakeholder (Cuellar, 2010).  

 Project success factors 

Construction project success factors tend to be a bit 

more specific. Rockart (1979) stated that success factors of 

construction projects can be identified in the following 

ways: a controlled number of ways in which success is 

guarantee; aspects of the business side of the construction 

project that must be monitored aggressively by 

management and critical areas where good performance is 

a requirement to achieve construction project success. 

While most publications have looked at factors of 

success from a much more general viewpoint, few with a 

point of focus. Chen and Chen (2007) streamlined the 

focus of factors of project success in the construction 

industry in terms of stakeholder partnerships. The 

emphasis lies in the ability for forged partnership to be 

effective and bear fruits in terms of progress. Chen and 

Chen (2007) stated that early partnerships ensure the 

smooth running of a construction project, because as 

known construction projects are multi-disciplined with 

experts from different knowledge areas of specialization. 

Other scholars such as Lewis (1995) mentioned that by 

partnering with say, material suppliers early into a 

construction project this in turn will give the contractor an 

expedited advantage in terms of supply of materials. These 

sentiments were also expressed by Mohr and Spekman 

(1994) who reiterated that by engaging government, law 

makers and other regulatory bodies this reduces the 

chances of disputes arising in a construction project. 

Therefore, project success factors can be summarized to 

include the following: project procurement, project 

management, project participants, physical environment, 

time, cost, and quality criteria, safety criteria, client 

satisfaction criteria, employee satisfaction criteria, 

learning and development criteria, profitability criteria, 

internal- process related, labour related, material and 

equipment related., construction site related, collaborative 

team cultures, consistent objectives and resource sharing. 

 Project stakeholders  

Project participants entail different key players or 

stakeholders who share a commonality of being vested in a 

construction project (Didenko and Konovets, 2009). There 

are several participants in construction project and an 

important one is certainly the government. The 

government is responsible for provision of different types 

of permits, enforcement of laws and regulations that have 

a significant impact on the success of a construction 

project (Le et al., 2020). Clients who form part of the 

project participants allow a construction project to run 
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their financing (Elawi et al., 2016). But in totality all 

project parties must clearly understand their roles at the 

pre-construction phase to have any chance of success (Le 

et al., 2020). Therefore, any construction project runs the 

risk if being unsuccessful when stakeholders do not fulfil 

their roles. 

 

MATERIALS AND METHODS 

 

This study investigated how the influence of stakeholders 

affects construction project success. A qualitative 

approach was used for this study. A qualitative approach 

of the study provided in depth look at how construction 

project constraints and stakeholders affect the outcome of 

a construction project. A qualitative approach tends to 

explore and discover issues about a particular issue of 

study (Tsang, 2013). The researcher engaged the Ministry 

of Infrastructure and Housing Development and 

Department of Roads under the Ministry of Transport and 

Infrastructure Botswana to identify an inventory list of all 

completed government funded construction projects from 

2016 to 2020 based on availability of records and 

personnel engaged in those projects. Under those projects, 

construction professionals under government ministries, 

departments, and contractors as well as other parties such 

as law enforcement and religious groups who were 

involved or affected in the selected projects were 

interviewed. Contractors had to be registered with Public 

Procurement and Asset Disposal Board (PPADB) with 

Grade D or E. Therefore, convenience sampling was 

adopted. Etikan (2016) stated that convenience sampling is 

applicable to both qualitative and quantitative studies. To 

ensure confidentiality of participants, all identifying 

information was replaced with codes as indicated in Table 

1. 

Interviews (one-on-one interviews) were used. One on 

one interviews are most effective for participants who are 

articulate, well versed and can share ideas comfortably 

without hesitation (Plano Clark and Creswell, 2015). The 

study adopted thematic analysis with an inductive 

approach. This is quite a flexible method that can be used 

in a wide range of learning and teaching spheres (Clarke 

and Braun, 2013).  

 

Table 1.  

Participant group Code No Ratio 

Construction professionals C1-C7 7 (1:2.57) 

Project beneficiaries B1-B2 2 (1:9) 

Clients S1-S2 2 (1:9) 

Contractors T1-T7 7 (1:2.57) 

 

RESULTS AND DISCUSSION 

 

Stakeholders influence on construction projects. 

All construction projects have people, organizations, 

or entities with a vested interest whether directly or in 

directly. For stakeholders engaged, there was a positive 

impact in terms of project progress because they were able 

to provide sound advice where applicable but for those 

less engaged the project was negatively affected in terms 

of constraints such as time. The results are presented under 

the following categories which were generated through 

thematic analysis: Advice to the contractor, influence with 

regular meetings late update on project progress safety and 

legal matters with client and undefined roles. 

 

Advice to contractor 

The construction professionals that were interviewed 

stated that one of the key aspects that influence the success 

of a construction project was the ability to take advice 

from stakeholders. To take all their considerations, assess 

and selectively decide which would be more beneficial to 

achieve the project goals. The quote from project 

beneficiaries below highlights this. 

“Because they engaged us, and we would also give 

advice where we can. I remember that there were some 

areas where there were corners, there were also some 

temporary roads that went near residential homes, where 

we advised for speed humps to be constructed to limit 

vehicle movement” (B1, 2021).  

The quote suggests that the advice of other 

stakeholders can affect construction project success as 

they ultimately will utilize the infrastructure or facility and 

if their advice is not adhered to, there’s danger of the 

facility not being utilized effectively. Positive feedback 

from stakeholders also proved to be effective on the side 

of the contractor as well who stated. 

“We engage with the chiefs, we engage with the 

Council, and we engage with service providers like BPC 

and Bofinet, stakeholders who are for the project and 

those who are against the project,” (T1, 2021). 

 

Influence using regular meetings 

Other stakeholders play a pivotal role in the delivery 

of the any public funded construction project, as they may 

provide a key insight into what could be implemented. The 

commitment and attitude of stakeholders (beneficiaries) 

can be defined as the perception stakeholders have 

regarding the project, be it supportive or non-supportive. 

B1 said: 



J. Civil Eng. Urban., 14 (3S): 206-211, 2024 

 

209 

“We are a stakeholder, so obviously these projects fall 

under the Ministry of Transport (Department of Roads). 

But obviously when the project starts, the planning phase 

we are normally engaged. They say we are going to build 

a road, and they normally ask for our input, what we 

think”. (B1, 2021) 

Much of the participants, particularly other 

stakeholders expressed that they wish the contractors 

would engage them early in the project to provide their 

input save for project beneficiaries.  One of the key 

stakeholders of the road project, a main liner church felt 

both the client and contractor had not done enough to 

engage them early in the project.  

“They only contacted us once for a meeting at state 

owned offices to inform us they need our land”, (B2, 

2021).  

Other stakeholders bemoaned with similar sentiments; 

This was reiterated by C2: 

“We were only made aware of the teaching hospital 

officially through a meeting once there was an intention to 

open in it, this was in 2017”, (C2, 2021) 

The stakeholders appear to be divided in their opinion 

as far as, how much leeway they were given to have an 

influence in public funded construction projects. As a 

factor of construction project success influence of 

stakeholders is a crucial element for a positive outcome. 

 

Late update on project progress 

Through the narratives over the interviews, it was 

obvious that one of the constraints identified was the 

communication breakdown between construction 

professionals from government and those from the 

contractor. Some of the parties had indicated that there 

was always a delayed or late update on the project 

progress. The T2 stated: 

“So, we were having some problems with some of the 

information missing. Unless if it’s a design and build, so 

we were not designing, so we want information to come 

quickly so that we can make orders.” (T2, 2021) 

The quote suggests that communication between all 

parties involved is quite essential to not only ensure 

productivity on site but to keep everyone up to date with 

the on goings of a construction project. It is a key factor 

for construction project success. Similar sentiments were 

shared by construction professionals under independent 

contractors who highlighted instances which could be 

considered as a constraint, that the communication and 

relay of information was poor which led to delay of some 

construction works. The supported this statement by 

explaining: 

“So, we were having some problems with some 

information missing, some of the drawings were lacking 

information and then when you want information you hear 

the guy (client’s architect) has gone to Maun”. (C2, 2021) 

 

Safety and legal matters with client 

Within every construction project both public funded 

or private funded, it is relevant for safety to be the key 

factors that affect the success of a project. Safety is an 

issue that is a performance indicator of project success. 

Interviewed stakeholders and construction professionals 

under contractors had indicated the sensitivity of safety as 

a measurable component of progress.  

“Our influence is traffic flow and road safety. When 

we get there, we look at the safety, how safe it is and what 

are the effects of works on motor vehicle drivers. To 

minimize the risk of car crashes, and to determine whether 

road signs are okay, are they visible at night”, (B2, 2021). 

Safety issues in the public funded project concern 

both the public in general and the site human resources. 

The T2 supported this statement by explaining: 

“Every morning at the airport when you come in, you 

don’t have guns and those “things),” (T2, 2021) 

 

Undefined roles 

During the interviews conducted some construction 

professionals expressed a lack of defined roles regarding 

some public projects which was a source of conflict and 

dispute. Clients tend to interfere and overexert their 

authority in some instances. The C2 stated: 

“The client came and then saw a door for somebody 

who was a neighbour, I think it is military hanger, so when 

the client saw that door, he stated that he prefers it, so we 

advised him to go and tell the architect “ (C2, 2021). 

 The aspect of the client overexerting their authority is 

based on a lack of understanding of contractually defined 

roles on a construction project. The influence of the client 

as well as client representatives bears a significant factor 

on the construction project performance. Stakeholder 

influence had positively and negatively affected the 

construction projects outcome. Some beneficiaries of 

infrastructure believed that the contractor and the client 

did sufficient efforts to engage them by holding meetings 

and providing a platform for offering advice where 

appropriate. However, other beneficiaries had a different 

point of view. The influence of the other stakeholders 

seemed to have a mixed effect on the outcome of the 

construction project. 

The study revealed that stakeholders have a 

significant impact on the construction project outcome due 
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to their influence.  For stakeholders engaged, there was a 

positive impact in terms of project progress because they 

were able to provide sound advice where applicable but 

for those less engaged the project was negatively affected 

in terms of time. While on the other hand others argued 

that they were relegated to just by standers, yet they had a 

vested interest in the construction project. Their influence 

was significant on the construction project, which is what 

Artur (2016) argued by stating that managers are 

encouraged to involved supportive stakeholders and 

monitor the marginal ones to ensure a successful 

construction project. 

 

 

CONCLUSION AND RECOMMENDATIONS 

 

The study posits that stakeholders have a considerable 

amount of influence on a construction project’s outcome 

which could be deemed positive or negative. Firstly, other 

stakeholders such as project beneficiaries have indicated 

that they made several positive contributions to 

construction projects by providing sound advice and some 

form of commentary on matters involving safety of the 

public throughout the project duration. For road 

construction projects certain beneficiaries provided 

invaluable advice on provision of visible safety road signs 

and traffic diversion. This allowed for production on site 

to uninterrupted which gave the construction project a 

positive outlook.  

The study further revealed that construction 

professionals under the contractor were dissatisfied with 

the interference that the client would have directly on the 

construction project. This was indicated by construction 

professionals, that the roles in a construction project must 

be clearly defined. This undue influence of the client led to 

sour relations between the contractor and client. While 

contractors through construction professionals may claim 

that a construction project was successful by their accord, 

the client was left dissatisfied on occasions where they 

could not influence the on-going of works on site. Lastly 

the study did reveal that while certain beneficiaries 

outlook was positive others indicated dissatisfaction as 

they were not allowed to have significant influence in the 

construction project, entities who owned properties around 

the projects, where land appropriation issues came up. 

These beneficiaries were of the belief that their influence 

could have had a positive outcome on the construction 

project. 
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ABSTRACT 

Ensuring dam safety requires a monitoring system that can predict deformations and detect anomalies in real-time. 

This study combines the forecasting capabilities of the Prophet model with the real-time anomaly detection of a 

Gaussian Mixture Model-Hidden Markov Model (GMM-HMM) framework. The Prophet model analyses historical 

deformation data to forecast future deformations, enabling early issue identification. The GMM-HMM framework 

continuously monitors incoming data to detect deviations from predictions. Results shows that the GMM-HMM, 

with 10 components and a Mahalanobis distance threshold of 0.1, achieved a precision of 0.602, recall of 1.0, and F-

1 score of 0.751, ensuring high sensitivity and accurate anomaly detection. The GMM-HMM was then used to 

detect anomalies on Prophet forecasted radial deformations. Anomalies were detected on upper limit and lower limit 

deformations. This combined approach enhances dam safety by integrating predictive and real-time monitoring 

capabilities, offering a comprehensive early warning system for dam infrastructure. 

Keywords: Gaussian Mixture Model, Hidden Markov Model, Prophet Model, Dam Deformation Forecasting 
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INTRODUCTION 
 

Dam deformation monitoring is a critical aspect of 

ensuring the structural integrity and safety of dams. These 

large-scale structures are key components in managing 

water resources, controlling floods, and generating 

hydroelectric power (Rong et al., 2024). Over the past 

decades, a plethora of techniques and methodologies have 

been developed and refined to monitor dam deformations 

and detect any potential risks of failure (Fraley and 

Raftery, 2002). However, given the rapidly evolving 

environmental conditions and the inevitable aging of 

infrastructure, the urgent need for more advanced, 

consistent, and reliable early warning systems has become 

increasingly evident (Šakić et al., 2022). 

Without a doubt, early warning systems play a 

pivotal, arguably indispensable role in mitigating the risks 

associated with dam failures. They achieve this by 

providing timely alerts to any potential deformations or 

structural instabilities, essentially acting as the first line of 

defence (Pang et al., 2023). With the data from these 

systems, authorities are enabled to take proactive 

measures, such as initiating evacuation procedures or 

implementing reinforcement measures, which are crucial 

in preventing catastrophic consequences and preserving 

life and property (Bahrami et al., 2021). 

In the broader field of infrastructure monitoring, 

Gaussian Mixture Model-Hidden Markov Model (GMM-

HMM) has found applications in detecting anomalies in 

time series data from a diverse range of sources. These 

include, but are not limited to, structural health monitoring 

sensors, traffic flow sensors, and environmental sensors. 

For example, in the context of bridge health monitoring, 

GMM-HMM has been effectively used to identify 

abnormal vibrations or structural changes that are 

indicative of potential defects or damage (Coraça et al., 

2022). Similarly, in the realm of railway infrastructure 

monitoring, GMM-HMM has been employed to detect 

anomalies in track conditions, such as rail irregularities or 

track geometry deviations, which could pose serious safety 

hazards. 
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Despite its demonstrated efficacy in these and other 

domains of infrastructure monitoring, GMM-HMM has 

not yet been directly applied to dam deformation anomaly 

detection. While dams represent critical and high-value 

infrastructure assets requiring robust and reliable 

monitoring systems, the application of GMM-HMM 

specifically to dam deformation data remains an 

unexplored frontier. Nonetheless, the principles and 

methodologies of GMM-HMM are conceptually well-

suited to the challenges of dam deformation monitoring, 

where the detection of subtle anomalies in time-varying 

deformation patterns is crucial for ensuring dam safety. 

By leveraging the capabilities of GMM-HMM in 

modelling temporal dynamics and detecting anomalies, 

there is a significant potential opportunity to enhance 

existing dam deformation monitoring systems. Moreover, 

the development of more effective early warning systems 

for dam safety could be realized. The integration of 

GMM-HMM with other predictive modelling techniques, 

like Prophet Forecasting, could further enhance the 

accuracy and reliability of anomaly detection in dam 

deformation data. 

The motivation behind integrating Prophet 

Forecasting with GMM-HMM stems from the 

complementary strengths of these two approaches in time 

series analysis and pattern recognition, respectively 

(Hassani et al., 2019). Prophet Forecasting, a system 

developed by Facebook, has gained prominence for its 

ability to handle time series data with irregularities, such 

as seasonality, holidays, and outliers. On the other hand, 

GMM-HMM is well-suited for modelling complex 

temporal patterns and detecting anomalies (Benoit et al., 

2013). 

By integrating Prophet Forecasting with GMM-

HMM, we aim to harness the predictive capabilities of 

Prophet to forecast dam deformation trends accurately. 

Subsequently, the GMM-HMM component will leverage 

these forecasts to detect deviations from expected patterns 

and issue early warnings in real-time. This hybrid 

approach offers a synergistic solution that combines the 

robustness of statistical forecasting with the flexibility of 

probabilistic modelling, thereby enhancing the reliability 

and effectiveness of dam deformation monitoring systems. 

Our research aims to pioneer the development of a 

groundbreaking framework that seamlessly integrates 

Prophet Forecasting with Gaussian Mixture Model Hidden 

Markov Model (GMM-HMM) to bolster early warning 

systems tailored specifically for dam deformation 

monitoring. This innovative integration harnesses the 

predictive capabilities of Prophet Forecasting, renowned 

for its adeptness in handling irregular time series data, to 

forecast dam deformation trends with heightened 

accuracy. Leveraging the robustness of GMM-HMM, 

which excels in discerning complex temporal patterns and 

anomalies, our framework promises a synergistic solution 

for detecting deviations from expected deformation 

patterns in real-time. 

 

MATERIALS AND METHODS 

 

The study was based on Roode Elsberg dam, located in 

Western Cape, South Africa. The monitoring system 

included measurement of environmental and operational 

conditions, water temperatures, measured by thermometers 

embedded on the dam wall; water level; deformations; and 

accelerations. The monitoring was carried out by Concrete 

Materials and Structural Integrity Research Unit 

(CoMSIRU)/UCT and the Department of Water and 

Sanitation. 

 

Roode elsberg dam 

Roode Elsberg dam is in the Western Cape province, 

South Africa, about 130 km northeast of Cape Town near 

the town of de Doorns, at coordinates (33.4361°S, 

19.5680°E), Figure 1. Construction of the dam was 

completed in 1969, and its main purpose is irrigation of 

vineyards in the surrounding farms and limited domestic 

use via a 7-km tunnel. The dam is a double curvature 

concrete arch dam with a centrally located spillway and 

gross capacity of 8.21 million m
3
. The height to the lowest 

foundation point is 72 m, and the length of the crest is 274 

m, consisting of two galleries, one following the 

foundation level and one top instrumentation gallery 

located about 20 m above the foundation level. 

 

 
Figure 1. Roode Elsberg dam 

 

Roode Elsberg dam-monitoring system 

To understand the behaviour of Roode Elsberg, two 

monitoring systems were installed on the dam. These 

included a continuously monitored GPS system at four 
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survey beacons in 2010 and a dynamic monitoring system 

at the dam crest in 2013. In addition, environmental and 

operational conditions were measured, i.e., water level 

measured using staff gauges and water temperatures; a 

weather station; and a suite of thermometers located at 

different water levels: 26.23 m, 46.62 m, and 47.30 m. 

Figure 2 shows the layout of the Roode Elsberg GPS 

monitoring systems, where blue indicates control stations 

P01 and P02 while red indicates rover stations P203 and 

P206 on the left and right flanks, respectively. 

 

 
Figure 2. Roode Elsberg GPS monitoring system 

 

Measurement of environmental and operational 

factors 

Results from ambient vibration surveys, carried out 

on the dam, indicated that there was a need to install a 

continuous dynamic monitoring system to capture any 

changes in the behaviour of the dam. This system consists 

of three forced balanced accelerometers installed on the 

dam crest and a data acquisition system in the upper 

gallery of the dam (Figure 3).  

 

 
Figure 3. Dynamic monitoring system 

 

Measurement of environmental and operational 

factors 

The environmental and operational factors include 

ambient temperature (AT), water temperature, and water 

level. Ambient temperature is measured by the weather 

station installed on the dam crest, and water levels are 

measured by staff gauges. There are also thermometers 

that are embedded into the dam wall at different levels to 

measure water temperatures; Figure 3 below shows the 

position of water temperatures on the dam wall. There are 

6 thermometers on each side of the wall; avg1-R indicates 

that thermometer 1 is on the right flank and avg1-L 

indicates that thermometer 1 is on the left flank. Avg1-R 

and avg2-R are on the same level, avg3-R and avg4-R are 

on the same level, and avg5-R and avg6-R are on the same 

level, as indicated by Figure 4. This applies to 

thermometers on the left flank. 

 

 
Figure 4. Wall thermometers measuring water 

temperature 

 

Prophet forecasting model 

Prophet is a powerful and comprehensive forecasting 

model that has been designed specifically to manoeuvre 

time series data with non-regular patterns such as seasonal 

variations and holidays (Taylor and Letham, 2018). Unlike 

other forecasting models, Prophet employs an additive 

model that deconstructs the time series data into its basic 

components, which include trend, seasonality, and holiday 

factors. This methodical separation of components allows 

for precise prediction capabilities, even when the data set 

contains outliers or incomplete data. 

To capture non-linear trends that develop over time, 

the model employs a piecewise linear or logistic growth 

curve. This is particularly useful in situations where the 

data does not follow a consistent linear pattern. 

Furthermore, Prophet incorporates Fourier series to model 

recurring patterns, adding another layer of accuracy to the 

forecast. In an innovative move, Prophet integrates 

uncertainty estimation directly into the forecasting 

process. It achieves this by incorporating Bayesian 

inference methods, an approach that is grounded in the 

principles of Bayesian statistics. This allows for a more 

comprehensive evaluation of prediction uncertainty, which 

can be crucial in strategic decision making.  

The additive model that is the cornerstone of Prophet's 

forecasting capabilities can be represented as follows: 

 

𝑦(𝑡) = 𝑔(𝑡) + 𝑠(𝑡) + ℎ(𝑡) + 𝜀𝑡                                        (1) 
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where g(t) represents the trend component, s(t) 

represents the seasonal component, h(t) represents the 

holiday component and 𝜀𝑡 is the error term. y(t) represents 

the value of the time series at time t. Here, t stands for the 

specific time at which the observation is made.  

Prophet is a robust forecasting model developed by 

Facebook that decomposes time series data into trend, 

seasonality, and holiday effects. This decomposition 

enables the model to capture and interpret the underlying 

patterns in the data. 

 

Trend component 

Prophet models the trend component using a 

piecewise linear or logistic growth model. For piecewise 

linear growth, the trend is given by: 

 

𝑔(𝑡) = 𝑘 + ∑ 𝑎𝑖(𝑡 − 𝑡𝑖)1{𝑡≥𝑡𝑖}
𝑛
𝑖=1                                     (2) 

 

where 𝑇(𝑡) is the trend at time t, k is the initial growth 

rate, 𝑎𝑖 are the rate changes at changepoints 𝑡𝑖, and 1{𝑡≥𝑡𝑖} 

is an indicator function that is 1 if 𝑡 ≥ 𝑡𝑖 and 0 otherwise 

(Taylor & Letham, 2018). For logistic growth, the trend 

component is modelled as: 

 

𝑔(𝑡) =
𝐶

1+𝑒𝑥𝑝(−𝑘(𝑡−𝑚))
                                                     (3) 

 

where C is the carrying capacity, k is the growth rate, 

and m is the midpoint of the growth (Taylor and Letham, 

2018). 

 

Seasonality component 

Seasonality in Prophet is modelled using Fourier 

series: 

 

𝑠(𝑡) = ∑ (𝑎𝑘 𝑐𝑜𝑠 (
2𝜋𝑘𝑡

𝑃
) + 𝑏𝑘 𝑠𝑖𝑛 (

2𝜋𝑘𝑡

𝑃
))𝑁

𝑘=1                      (4) 

 

where S(t) is the seasonal component at time t, P is 

the period (e.g., 365.25 for yearly seasonality), and 𝑎𝑘 , 𝑏𝑘 

are the coefficients of the Fourier series (Taylor and 

Letham, 2018). 

 

Holiday effects 

Prophet incorporates holiday effects by adding an 

additional component:    

 

 h(t) = ∑ λi1{t∈Hi}
m
i=1                                                      (5) 

 

where h(t) represents the holiday effect, λi are the 

holiday effects coefficients, and Hi are the holiday 

intervals (Taylor and Letham, 2018). 

 

Gaussian mixture model hidden Markov model 

(GMM-HMM) 

GMM-HMM combines the advantages of Gaussian 

Mixture Models (GMM) and Hidden Markov Models 

(HMM) to model intricate temporal patterns and identifies 

anomalies in time series data (Bicego et al., 2019). The 

GMM component uses a mixture of Gaussian distributions 

to model the probability distribution of observations at 

each time step, allowing for a flexible representation of 

data with multiple underlying patterns. On the other hand, 

the HMM component captures the temporal dependencies 

between observations by defining a set of hidden states 

and transition probabilities between these states. By jointly 

learning the parameters of the GMM and HMM using 

Expectation-Maximization (EM) algorithms, GMM-HMM 

can effectively spot abnormal patterns and anomalies in 

the time series. 

The joint probability distribution of the observations 

and hidden states in GMM-HMM can be represented as: 

 

𝑝(𝑋, 𝑍ǀ𝜃) = 𝑝(𝑧1ǀ𝜋) ∏ 𝑝(𝑧𝑡ǀ𝑧𝑡−1, 𝐴)𝑇
𝑡=2 ∏ 𝑝(𝑥𝑡ǀ𝑧𝑡, 𝜇, 𝛴)𝑇

𝑡=1     (6) 

 

where: 

 𝑋 = {𝑥1, 𝑥2, … , 𝑥𝑇} are the observed data points, 

 𝑍 = {𝑧1, 𝑧2, … , 𝑧𝑇} are the hidden states, 

 𝜃 represents the model parameters, 

 𝜋 is the initial state probability vector, 

 𝐴 is the state transition probability matrix, 

 𝜇 and Σ are the mean and covariance matrices of the 

Gaussian components. 

 

Integration of models for early warning system 

The dam’s radial deformations (RD206) situated on 

the right flank, are the target variable while ambient 

temperature, water level and six variables that represents 

the water temperatures on the right flank (avg1-R, avg2-R, 

avg3-R, avg4-R, avg5-R and avg6-R) are the features. 

Therefore, let 𝑊(𝑡) represent the vector of all features 

(including RD206) at time t. The Prophet model generates 

forecasts for all features at time t+1 based on historical 

data to time t, represented as: 

 

𝑊̂(𝑡 + 1) = 𝑃𝑟𝑜𝑝ℎ𝑒𝑡_𝐹𝑜𝑟𝑒𝑐𝑎𝑠𝑡(𝑊(1: 𝑡))                           (7) 
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where, Ŵ(t+1) represents the forecasted values of all 

features at time t+1. Given the forecasted values Ŵ(t+1) 

for all features at time t+1, including RD206, the data is 

input into the GMM-HMM model for anomaly detection. 

Let Z(t+1) represents the hidden states corresponding 

to the forecasted values Ŵ(t+1) at time t+1. The likelihood 

of observing forecasted data Ŵ(t+1) given a learnt GMM-

HMM parameters 𝜃 can be computed using the forward 

algorithm: 

𝑝(𝑊̂(𝑡 + 1)𝜃 = 𝛴𝑧𝑝(𝑊̂(𝑡 + 1), 𝑍ǀ𝜃)                     (8) 

θ (Theta) refers to the set of parameters in the 

machine learning model, specifically in the GMM-HMM 

framework. These parameters are essential because they 

determine how the model fits the data. In this context, θ 

includes: 

GMM Parameters: In the Gaussian Mixture Model, 

θ consists of the weights, means, and covariances of the 

Gaussian components that describe the distribution of 

data. These parameters help in modelling the probability 

distribution of the observed data. 

 Weights (π): Represent the proportion of each 

Gaussian component in the mixture. 

 Means (μ): The centre of each Gaussian 

component, indicating where the data points are likely to 

cluster. 

 Covariances (Σ): Capture the spread and 

orientation of each Gaussian component, reflecting how 

much variability there is in different directions. 

HMM Parameters: In the Hidden Markov Model, θ 

also includes parameters that describe the hidden state 

dynamics: 

 Transition probabilities (A): The probability of 

moving from one hidden state to another. 

 Emission probabilities (B): The probability of 

observing a particular set of data given the current hidden 

state. 

Anomaly detection is then computed on the 

probability of observing the forecasted data given the 

learnt GMM-HMM parameters. 

 

Mahalanobis distance 

The Mahalanobis distance was introduced into the 

GMM-HMM to detect anomalies. The Mahalanobis 

distance can be used to identify outliers or anomalies by 

comparing the distance of each data point to the 

distribution of normal data points. Data points with 

Mahalanobis distances exceeding a certain threshold are 

considered anomalies, as they deviate significantly from 

the expected distribution (Mahalanobis, 1936). The 

Mahalanobis distance measures how many standard 

deviations away a point is from the mean of the 

distribution along each dimension, considering the 

correlation between dimensions: 

𝐷(𝑥, 𝜇, 𝛴) = √(𝑥 − 𝜇)𝑇𝛴−1(𝑥 − 𝜇)                        (9) 
 

where x is the vector of observed values (data point) 

for which we want to compute the Mahalanobis distance, 

µ is the mean vector of the distribution of the dataset, it 

represents the average values of each feature. Σ is The 

covariance matrix of the distribution of the dataset. It 

represents the variances and covariances between each 

pair of features. 

 

RESULTS AND DISCUSSION 

 

Model tuning 

The process of tuning the Gaussian Mixture Model - 

Hidden Markov Model (GMM-HMM) to achieve its 

optimal performance was primarily done by adjusting the 

number of components and the Mahalanobis distance 

threshold. It was observed that the number of components 

had a considerable influence on the precision of the model 

but had minimal impact on its recall and F1-score, figure 

4. The highest level of precision was achieved when the 

number of components was set to 5 and 10. On the other 

hand, adjusting the Mahalanobis distance threshold 

seemed to have a more profound impact on all the 

evaluation metrics, figure 5. A higher recall and F1 score 

were observed at a threshold of 0.1. Following this, the 

number of components was further adjusted using the 

values 5 and 10 for more fine-tuning. The best 

performance was observed when the number of 

components was set to 10, table 1. 

 

 
Figure 5. Evaluation Metrics against number of 

components 
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Figure 6. Evaluation metrices against threshold. 

 

Table 1. Best performance. 

Evaluation Matrices Best value 

Threshold 0.1 

Precision 0.602 

Recall 1.0 

F-1 Score 0.751 

 

The evaluation matrices in table 1 provided insightful 

information about the anomaly detection model's 

performance. Notably, a 0.1 threshold, demonstrating a 

balanced trade-off between precision and recall. The 

precision, approximately 0.602, shows that a significant 

portion of the flagged anomalies were indeed real, 

highlighting the model's aptitude for identifying true 

positives. Meanwhile, a recall score of 1.0 indicates the 

model's exceptional ability to detect all actual anomalies, 

reducing the chance of missing critical events. The F-1 

score of 0.751 confirms the model's overall effectiveness, 

achieving a balance between precision and recall. This 

equilibrium is vital in practical applications, where 

missing anomalies or false alarms can have significant 

consequences. These optimal outcomes emphasize the 

model's efficacy in accurately identifying anomalies while 

maintaining high sensitivity. This boosts confidence in its 

use for important tasks, such as dam safety management. 

 

Anomaly detection for forecasted radial 

deformations 

The Prophet Model was utilized to generate forecasts 

under three distinct scenarios, each representing a different 

possible outcome. These scenarios were the forecasted 

lower boundary, the forecasted average, and the forecasted 

higher boundary. Upon careful examination of these 

predictions, anomalies were identified in only the 

forecasted upper scenario and the forecasted lower 

scenario. These anomalies are represented by black circles 

within the data visualization. The detected anomalies were 

discovered to fall within a specific range of radial 

displacements, specifically, between -0.01 and 0.01, figure 

6. This range corresponds to the period when the dam is 

moving in the downstream direction, figure 7. It's 

important to note that this downstream movement is a 

result of the dam filling up. Interestingly, instances of 

anomalies have only been detected when the water levels 

within the dam dropped to low levels. 

 

 
Figure 7. Forecasted anomalies. 

 

 
Figure 8. Regions where most anomalies occur. 

 
CONCLUSIONS 

 

The research has made significant strides in the field of 

dam deformation monitoring by leveraging the Gaussian 

Mixture Model-Hidden Markov Model (GMM-HMM) 

framework in tandem with Prophet Forecasting. By 

integrating the predictive capabilities of Prophet 

Forecasting, which is renowned for its accuracy in 

predicting trends, with the anomaly detection strengths of 

the GMM-HMM, we provided an innovative, robust, and 

effective solution for real-time detection of deviations 

from expected deformation patterns. This synergistic 



Tshireletso and Moyo, 2024 

218 

approach holds considerable promise for augmenting the 

accuracy and reliability of dam deformation monitoring 

systems, thereby significantly mitigating risks associated 

with dam failure and ensuring the safety of these critical 

infrastructures. The results of the evaluation demonstrated 

promising performance of the integrated framework in 

anomaly detection for dam deformation data. The 

precision score of approximately 0.602 indicated a 

significant proportion of correctly identified anomalies, 

thereby highlighting the model's effectiveness in 

distinguishing between normal and anomalous 

deformation patterns. Furthermore, the recall score of 1.0 

reflected the model's exceptional sensitivity and capacity 

to capture all actual anomalies without missing any true 

positive instances. In addition to these, the F1-score, 

which is a harmonic mean of precision and recall, stood at 

0.751, affirming the balanced performance of the model in 

accurately identifying deviations from expected 

deformation patterns without favouring either recall or 

precision disproportionately. These evaluation metrics 

collectively underscore the effectiveness of the integrated 

GMM-HMM and Prophet Forecasting framework in 

enhancing early warning systems for dam safety and 

demonstrate its potential for broader applications in 

infrastructure monitoring. 
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ABSTRACT 

This paper is an insightful perspective analysis of Botswana climate change policies in an effort to establish their 

effectiveness in relation to regional and international initiatives. For a critical review of both mitigation and 

adaptation efforts by different countries, the effectiveness is analysed, including their strengths and inadequacies 

noted, and recommendations made towards enhancing policy coherence and effectiveness. It examines the steps 

Botswana and other countries have taken to cut greenhouse gas emissions, improve energy efficiency, support the 

use of renewable energy sources, and implement sustainable land management practices. The paper also delves into 

Botswana's efforts to build climate resilience, such as creating a National Adaptation Plan and incorporating climate 

considerations across various sectors. 

Keywords: Climate change policies, Policy review, International agreements, Sustainable development, Botswana 
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INTRODUCTION 
 

Botswana, a landlocked country located in the southern 

part of Africa, faces significant challenges because of 

climate change, predominantly rising temperatures, which 

has a negative effect on the environment, economy, and 

people of this country (World Bank, 2010). Recognizing 

the need to solve this matter, Botswana has implemented 

various policies and strategies to mitigate effects of 

climate change and enhance resilience in sectors like 

agriculture (Boyd, 2023). These initiatives are very crucial 

to Botswana as well as in Africa and at global scales. 

Encompassing the climate policies of Botswana at regional 

and global frameworks is vitally important in fostering 

teamwork and strengthening the global response to climate 

change.  

Botswana's strategies and programmes implemented 

to combat climate change stretch outside regional 

considerations to reverberate with inclusion in global 

climate agendas (Koboto et al., 2012). Participating in 

international platforms such as the United Nations 

Framework Convention on Climate Change (UNFCCC), 

with nations around the world, is one approach which this 

country is active in shaping and forging negotiations and 

action for climate. The involvement of Botswana can only 

highlight its dedication to the global urgency of combating 

climate change, which will need coordinated actions and 

collective accountability on a worldwide scale.  

Understanding Botswana's climate change plans and 

their alignment with regional and international 

frameworks is needed for comprehending the country's 

contributions to climate action. Exploring the experiences 

of Batswana, their challenges and success towards climate 

change policy implementation might give important 

lessons to other African countries as well as the global 

community. Scrutinizing the relationship between 

Botswana’s policies and other nations’ can help foster 

cooperation which will fortify the response of the world’s 

community towards climate change at both regional and 

global levels. Botswana's climate policies reflect its 

commitment to addressing the effects of climate change 

within Africa and on an international scale (Koboto et al., 

2012). By emphasizing both mitigation and adaptation 

tactics, Botswana aims to support resilient and sustainable 

regional development in order to achieve the world's 

climate objectives.  

 

METHODOLOGY  

 

This study uses a qualitative methodology, utilizing an 

extensive and comprehensive analysis of climate change 

policy including a look at their origins, effects, and 

policies, adaptation techniques, and mitigation plans. A 

desktop investigation was carried out to compile relevant 

information about climate policy in Botswana, Africa, and 
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other relevant sources worldwide. The goal of this 

research was to give a thorough grasp of climate policy 

globally, awareness that the impacts of climate change cut 

beyond national borders and influence every region of the 

earth. 

 

CLIMATE CHANGE POLICIES  

 

Overview of Botswana’s Climate  

Climate exerts a critical influence on human well-

being and socio-economic activities, profoundly affecting 

health, agriculture, and overall livelihoods (UNDP, 2018; 

Mugari et al., 2020). Botswana's climate vulnerability is 

relatively correlated to its extreme water scarcity 

(Crawford, 2016) with five key sectors that stand out as 

particularly susceptible: water resources, public health, 

agricultural yields, grassland ecosystems, and forestry. 

Botswana’s climate is semi-arid (Batisani and Yarnal, 

2010; Kenabatho et al. , 2012; Crawford, 2016; Botswana, 

2019; World Bank Group, 2021; Omari Motsumi et al. , 

2023) which is defined by high temperatures and low 

unreliable rainfall. There are distinct dry and wet seasons 

throughout the nation, with variations throughout several 

districts.  The scorching months of May through October 

are known as the dry season. The daytime highs routinely 

rise above 30°C and, in some places, even reach above 

40°C accompanied by low levels of humidity. Conversely, 

the rainy season, prevailing from the month of November 

until April, offers relief with cooler temperatures and 

occasional rainfall, typically ranging from 250 mm to 650 

mm (BES, 2019), the national average annual rainfall 

stands at 450 mm. 

 

Climate Change Policies: Botswana 

Studies carried out by different government agencies 

and experts in the field (Abucar and Molutsi, 1993; JNS, 

1994; Dube and Sekhwela, 2007; The World Bank, 2010; 

Hambira and Saarinen, 2015; Juana et al., 2016; UNDP, 

2017; Spear et al., 2018; Madebwe, 2019; Mugari, 

Masundire and Bolaane, 2020; Batisani et al., 2021) 

underscores Botswana's elevated susceptibility to changes 

in the climate. This susceptibility encompasses significant 

economic factors and is expected to increase in the 

absence of efficient adaptation and mitigation strategies.  

In spite of this, Climate change is not now a top national 

priority for the government.  This absence of prioritization 

has led to, lack of utilization of climate change policy, 

legislation, and strategy to solve the effects. Still, the 

possibility of future climate change and the related 

environmental risks are recognised in the Plan for National 

Development 10 (Government, 2022). A few industries 

from the highly affected sectors; gender, agriculture, 

water, health and energy, have adopted strategies for 

climate adaptation and mitigating measures, such as 

government backing for solar energy systems in the 

energy industry (Fabre and Magombo, 2009; Crawford, 

2016; Botswana, 2019; World Bank Group, 2021).  

Climate policy is essential for guiding response efforts to 

reduce or mitigate the consequences of changing climate 

(Ayers, Huq and Westminster, 2008; UNESCO, 2023).  A 

lot of industrialized nations are currently developing broad 

programmes to combat climate change (Crawford, 2016; 

OECD, 2018; World Bank Group, 2021; Bhattacharya, 

Kharas and McArthur, 2023). 

Nevertheless, as per Hambura and Saarinen (2015), 

they have not yet made them sector specific. In contrast, as 

one of the developing nations, Botswana has outperformed 

other nations.  The nation of Botswana acknowledged the 

necessity of addressing climate change and has made a 

number of efforts to create and put climate policy into 

action.  In order to increase resilience to climate change, 

climate policy is required by encouraging low-emission 

climate practices and incorporating climate change 

concerns into different industries. The nation's 

commitment to addressing the challenges caused by 

climate change does not begin today. International 

protocols or environmental as table 1 indicates Botswana 

as a signatory at world level while Table 2 indicates the 

local policies adopted over the years. 

In light of the information in Table 3, inferences on 

the suitability of the climate policies were successful or 

not.  The forestry and land-use change major negative 

value emissions (Net Carbon Sink: -42,941 Gg CO2 eq) 

show that the land-use policies of Botswana are taking up 

more carbon than they are releasing. This implies effective 

laws or procedures for helping to sequester carbon in 

forest conservation, afforestation, or replanting projects 

and mitigating climate change. Additionally, the data show 

that the nation is still generating GHS from the sectors of 

trash, agriculture, and energy.  This is due to the nation's 

heavy reliance on fossil fuels energy and lack of basic 

understanding of waste management and sustainable 

agriculture managerial techniques.  The GHG emissions 

are increasing with time also because of an increase in the 

future energy demand (UNDP, 2021). It is clear that in 

order to combat this, the government has put in place 

policies (Table 2) that encourage the use of renewable 

energy, energy-saving techniques, and lowering 

dependence on fuels high in carbon and adoption of 

sustainable farming methods, waste measures for recycling 
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and management. Although substantial, the 7,434.223 Gg 

CO2 eq total emissions are only largely and partially 

countered by the significant negative value of emissions 

from forestry and changes in land use, producing a -

35,506.777 Gg CO2 eq in total. This indicates that, all 

things considered, Botswana is serving as a carbon sink 

which is a good result in the framework of international 

efforts to tackle climate change prolonged efforts to 

improve mitigation strategies and climate change 

legislation across a range of industries can help increase 

Botswana's resistance to climate change and its part in the 

global climate movement.  

In 2014, Botswana initiated a thorough climate 

change policy drafted by a team led by Dr. Oduetse 

Koboto, a consultant from the United Nations 

Development Programme (UNDP), cooperated with 

members from UNDP and the Ministry of Environment, 

Wildlife, and Tourism (MEWT) (UNDP, 2017). The 

policy prioritises adaptation amongst different sectors, 

including agriculture, water, human health, biodiversity, 

ecosystems, forest management, reducing risks, 

mitigation, sustainable energy, transport emissions, and 

waste management. It advocates for integrated strategies 

such as Climate SMART Agriculture, sustainable water 

management, studies on climate change's health impacts, 

biodiversity conservation, forest rehabilitation, risk 

mitigation plans, mandatory mitigation plans, introduction 

of carbon budgets and markets, investment in green 

technologies, reforms in transportation, and integrated 

waste management practices. These measures aim to 

enhance Botswana's resilience on climate change, mitigate 

greenhouse gas emissions, and enhance sustainable 

development across multiple sectors.    

 

Climate Change Policies: Africa   

Africa, which is the continent most vulnerable to 

climate change, has called urgently for actions to support 

the effort to arrest this major global challenge, despite the 

continent's lesser contribution (UNEP, 2023). The major 

share of CO2 emissions in the energy field comes from the 

combustion of fossil fuels either for power generation or to 

fuel vehicles and machines (EIA, 2023). Another notable 

source is the carbon-intensive cement industry which 

represents a consistent case of source composition; several 

nations are grappling with such problems in the face of 

specific policies. In South Africa, for example, the carbon 

tax policy provides for industrial emissions, including 

those emanating from cement production; the policy 

envisions the uptake of cleaner technologies and practices 

(South African Revenue Service, 2023). 

Botswana’s Frameworks pertaining to climate have 

as a result undergone change while adhering strictly to this 

regional promise to strengthen climate resilience, support 

sustainable development, and safeguard ecosystems, 

people, and wildlife in Botswana. This will be done in an 

effort to make sure it can meaningfully participate in the 

group effort to mitigate the negative effects of climate 

change and that these are codified in robust climate 

policies that are subject to compliance with those 

established within the Sustainable Development Goals and 

Agenda 2063 of the African Union. 

 

Climate Change Policies: Global Context  

Countries have established international policies to 

guide their efforts in mitigating climate change, building 

capacity, and promoting sustainability. Cement production 

is a significant focus in these policies due to its high CO2 

emissions. For instance, the European Union's Emissions 

Trading System (ETS) includes cement manufacturers, 

incentivizing reductions in emissions through market 

mechanisms (European Commission, 2024). Similarly, 

China has introduced stringent emission standards and 

promotes the use of alternative materials in cement 

production to reduce its carbon footprint.  

 

 

 

Table 1. Showing the Environmental conventions where Botswana was once a signatory. Adapted from (The World Bank, 

2010) 

Convention Ratification date 

The Vienna Convention for the protection of preservation of the Ozone layer 04/12/1991 

The Protocol on Montreal on the Substances that deplete the Ozone layer 4/12/1991 

The London Amendment to the Montreal Protocol 13/5/1997 

The Copenhagen Modification to the Montreal Protocol 13/5/1997 

The United Nations Framework Convention on Climate Change (UNFCCC) 27/4/1994 

Kyoto Agreement 7/8/ 2003 
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Table 2. Botswana Climate Policies with years of adoption (World Bank Group, 2021). 

Policy/ Adoption year Policy explanation 

National Climate Change Policy (energy policy draft) 2014 
Outlines measures for both adaptation and mitigation adaptation, focusing on sectors like 
energy, agriculture, water, health, and risk mitigation. 

National Adaptation Plan (NAP) Framework Policy 2020 
Identifies priority areas for action, including sustainable water use, agriculture, health, and 

disaster risk reduction 

Climate-Smart Agriculture (CSA) Initiatives 2020 
Initiatives that integrate climate adaptation and mitigation measures into agricultural 
practices and policies. 

Climate Change Strategy and Action Plan 2018 
Strategies to enhance resilience and reduce vulnerability to climate-related hazards such as 

floods, droughts, and storms. 

Botswana Climate Change Response Policy (BCCRP) 2016 
Strategies to enhance resilience and reduce vulnerability to climate-related hazards such as 
floods, droughts, and storms. 

 
Table 3. Showing the Greenhouse gas (GHG) inventory of Botswana for 2000 (MEWT, 2009). 

Industry Emissions Gg CO2 eq Sink Gg CO2 eq 

Energy 5 537.9 - 

Agriculture 1 785 - 

Waste 111.3 - 

Land-use change and forestry - - 42 941 

Total emissions 7 434.2 - 

Net Total (after subtracting sink) - 35 506.8 - 

 
Table 4. African Climate Change Policies with years they were adopted. (CAADP 2013, SADC 2003, AREI 2015, African 

Union Framework on Climate Change 2014, ARC 2012) 

Policy Year it was adopted Signatory countries 

Comprehensive Africa Agriculture Development Program 

(CAADP) - African Union 
Adopted at the African Union Assembly in 2013. 

All 55 African Union 

member states 

Southern African Development Community (SADC) 

Regional Agricultural Policy 
Adopted in 2003 

All 16 SADC member 

states 

African Union's Africa Renewable Energy Initiative (AREI) 

Launched at the United Nations Climate Change Conference 

(COP21) in Paris in 2015, with the endorsement of African 

heads of state and governments. 

50 countries 

African Union's Continental Framework on Climate Change Adopted in 2014 
All 55 AU member 

states 

African Risk Capacity (ARC) 
Established in 2012 and has since provided climate risk 

insurance to several African countries. 
34 African States 

African Union's African Adaptation Initiative (AAI) Adopted at COP21 in Paris in 2015 54 African states 

SADC Climate Change Strategy and Action Plan 
Adopted by the Southern African Development Community 

(SADC) in 2015 

All SADC member 

states 

ECOWAS Climate Change Policy 
Adopted by ECOWAS Authority of Heads of State and 

Government in 2013 

15 ECOWAS member 

States 

ECOWAS Renewable Energy Policy 
Adopted by the ECOWAS Authority of Heads of State and 
Government in 2013 

15 ECOWAS member 
states 

 
Table 5: Key Global Climate Change Policies and Years Adopted (UNFCCC Annual Report, 2022). The table below outlines 

5 critical global policies that form the foundation climate change policies, including their years of adoption and the number of 

signatory countries out of a total of 197. 

Policy Year of adoption No of signed countries/parties 

Kyoto Protocol 1997 192 

Paris Agreement 2015 196 

Montreal Protocol 1987 197 

Copenhagen Accord  2009 140 

Glasgow Climate Pact 2021 197 

https://unfccc.int/kyoto_protocol
https://unfccc.int/process-and-meetings/the-paris-agreement
https://www.unep.org/ozonaction/who-we-are/about-montreal-protocol
https://unfccc.int/resource/docs/2009/cop15/eng/l07.pdf
https://unfccc.int/sites/default/files/resource/cop26_auv_2f_cover_decision.pdf
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ANALYSIS OF CLIMATE CHANGE POLICIES 

 

Botswana 

Botswana's current solar energy policies aim to adapt 

and mitigate climate change impacts. The policies focus 

on various sectors including energy, agriculture, water 

resources, health, and disaster risk reduction. Botswana 

has committed to reducing its reliance on coal-generated 

energy, which currently accounts for 80% of its overall 

demand. The country plans to reach 25% of total energy 

consumption from renewable sources by 2030. 

Additionally, Botswana is exploring opportunities in the 

gas industry to provide clean thermal energy solutions. 

The launch of Solar PV IPP Projects (235 MW), 

particularly the Mmadinare and Jwaneng solar plants, is a 

significant step towards achieving these goals and these 

projects are projected to produce 100 MW of energy each 

by 2025. Botswana has also made strides in agriculture 

through the Climate-Smart Agriculture (CSA) Initiatives 

policy. Particularly to improve genetic features of the 

livestock breeds such as the Musi breed which took 

genetic upgrades of 7 varieties to make it tolerate drought 

conditions. Another success was to use genes of crops 

with the mentioned traits: drought resistance; tolerance to 

extreme temperatures; early maturity to produce a local 

Kalahari early Pearl, Kanye Standard and 65D hybrid 

seeds (African Development Bank, 2023). 

In its latest move to tackle climate change, Botswana 

has made a framework for the National Adaptation plan 

which will help in building the nation’s adaptive capacity 

and resilience and facilitate the integration of climate 

change adaptation into relevant policies. It addresses the 

medium and long-term adaptation needs. It also stipulates 

the approaches and guiding principles to be used. It further 

provides direction in the coordination, implementation and 

resource mobilization of the NAP process. I urge all 

relevant sectors and actors to use this Framework as a 

guide in pursuing climate change adaptation planning.  

 

Africa 

Africa has developed climate change-specific 

policies tailored to its member states, aiming to mitigate 

the continent's vulnerability to climate change impacts, 

transition to cleaner energy alternatives, and modernize 

agricultural practices for enhanced productivity. One such 

initiative is the African Renewable Energy Initiative 

(AREI), which was embraced by numerous countries in 

2015. AREI seeks to promote renewable energy adoption 

throughout Africa to improve energy accessibility, 

security, and climate change mitigation efforts. Kenya 

stands out as a commendable example in implementing 

AREI. The country has substantially expanded its 

renewable energy capacity, with geothermal and wind 

sources contributing to over 70 percent of its electricity 

generation. This shift has not only reduced reliance on 

fossil fuels but also improved energy access and facilitated 

greenhouse gas emissions reduction. Kenya aims to 

achieve 100 percent renewable power by 2030 and to 

foster green industries by 2040, as per the International 

Renewable Energy Agency (IRENA).  

With renewables constituting nearly 90 percent of 

energy generated and consumed in 2021, Kenya emerges 

as a frontrunner in Africa's clean energy transition, 

according to the International Energy Agency (IEA). 

Additionally, Kenya has made significant strides in 

attaining universal electricity access, doubling access from 

32 percent in 2013 to 75 percent in 2022, thereby 

transitioning away from biofuels for energy use. Kenya 

also has the Climate Change Act, enacted in 2016 to 

provide a regulatory framework for enhanced response to 

climate change, including mitigation efforts in industrial 

sectors (Wambua, 2019). The act emphasizes the 

importance of adopting sustainable practices and 

technologies in heavy industries like cement 

manufacturing. South Africa is another country making 

efforts to reduce emissions. Implemented in 2019, South 

Africa's Carbon Tax Act imposes a tax on greenhouse gas 

emissions from various sectors, including cement. This 

policy aims to encourage industries to adopt cleaner 

technologies and reduce their carbon footprint. The tax 

rate started at R120 (approximately $8) per ton of CO2-eq, 

with allowances and exemptions to help industries 

transition (Loewald, 2024). 

Another significant regional initiative is the 

Comprehensive Africa Agriculture Development 

Programme (CAADP), which aims to achieve an annual 

agricultural growth rate of at least 6 percent and allocate a 

minimum of 10 percent of national budgets to agriculture 

among participating countries. 

 

Global scale 

The cement industry and fossil fuels are one of the 

largest contributors to global carbon dioxide emissions, 

with the cement industry accounting for approximately 7-

8% of total emissions (Andrew, 2018). The production 

process is highly energy-intensive and relies heavily on 

fossil fuels, which releases a significant amount of CO2. 

The demand for cement is growing due to rapid 
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urbanization and infrastructure development, exacerbating 

the environmental impact.  

Countries have established international policies to 

guide their efforts in reducing emissions and mitigating 

climate change, building capacity, and promoting 

sustainability. The European Union Emissions Trading 

System (EU ETS is a cornerstone of the EU's policy to 

combat climate change (European Commission, 2024). It 

is the world's first major carbon market and remains the 

largest one. The system caps the total level of greenhouse 

gas emissions from installations covered by the system 

and reduces the cap over time. Cement producers must 

hold allowances for their emissions, incentivizing the 

reduction of CO2 output through efficiency improvements 

and technological innovation. Another prominent policy is 

the Global Economic Policy for Renewable Energy 

Promotion, which has been embraced by numerous 

nations, shaping their domestic frameworks accordingly. 

For instance, Germany's Energiewende (Energy 

Transition) Policy, initiated in 2010, aimed to significantly 

increase renewable energy generation, with a target for 

renewables to constitute over 40% of electricity 

production by 2020. Remarkably, Germany not only 

achieved this goal but also reduced greenhouse gas 

emissions by over 35% compared to 1990 levels, as 

reported by the World Economic Forum Energy Transition 

2023 report. The policy has stimulated investments in 

renewable energy infrastructure, fostering job creation and 

economic growth. 

Denmark, having adopted renewable energy policies 

since the 1970s, ratified the Global Economic Policy for 

Renewable Energy Promotion, leveraging initiatives such 

as feed-in tariffs and wind power promotion. 

Consequently, Denmark has emerged as a global leader in 

wind energy, with wind power playing a substantial role in 

its electricity generation. The country remains committed 

to research and development to further advance renewable 

energy technologies. In the United States, the adoption of 

the Global Economic Policy for Renewable Energy 

Promotion led to the establishment of Renewable Portfolio 

Standards (RPS) policies, mandating a specific percentage 

of electricity generation from renewable sources. Many 

states have made significant strides in increasing 

renewable energy capacity since implementing RPS 

policies, with renewables contributing nearly 20% of total 

electricity generation in the US as of 2020, according to 

the U.S. Energy Information Administration (EIA). 

However, challenges persist in achieving more ambitious 

renewable energy objectives, including policy 

uncertainties and infrastructure constraints. 

Furthermore, the Paris Agreement has been embraced 

globally, serving as a foundation for countries to develop 

their policy frameworks, including agriculture-related 

measures in their Nationally Determined Contributions 

(NDCs) to mitigate greenhouse gas emissions and bolster 

resilience to climate change in the agricultural sector. 

Brazil, for instance, has committed to reducing greenhouse 

gas emissions by 37% by 2025 and over 53.1% of 

emissions from deforestation by 2030 under the Paris 

Agreement, implementing policies to combat deforestation 

in the Amazon rainforest and promote sustainable land use 

practices.  

Similarly, China has set ambitious targets within its 

Paris Agreement commitments, aiming for CO2 emissions 

to peak before 2030 and achieving carbon neutrality by 

2060. The country has implemented various measures in 

the agricultural sector to address emissions, including 

improving soil health, increasing the use of organic 

fertilizers, and reducing methane emissions from rice 

cultivation and livestock farming. China has also 

expanded its low-carbon initiatives, with numerous pilot 

cities, industrial parks, and communities dedicated to 

reducing carbon emissions. Additionally, advancements in 

farming practices, such as selecting heat, drought, and 

low-light-resistant crop varieties, coupled with expanded 

irrigation areas, demonstrate China's commitment to 

mitigating climate change impacts in agriculture. 

 

CONCLUSION 

 

Analysing national, regional, and international climate 

change policies demonstrates that nations are realising 

more and more how important it is to combat climate 

change through policy interventions. For instance, 

Botswana has made impressive strides towards switching 

to renewable energy sources, namely solar energy. 

Implementing climate-smart agricultural activities to 

increase resilience and sustainability. The creation of the 

National Adaptation Plan framework represents a 

proactive approach to developing adaptive capability and 

incorporating climate change adaptation into relevant 

policies. Similarly, in Africa, measures such as the African 

Renewable Energy Initiative and the Comprehensive 

Africa Agriculture Development Programme highlight the 

continent's commitment to transitioning to cleaner energy 

sources and boosting sustainable agriculture. Globally, 

initiatives such as the Global Economic Policy for 

Renewable Energy Promotion and the Paris Agreement 

highlight countries' combined efforts to reduce greenhouse 

gas emissions and strengthen resilience to climate change. 
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However, problems remain, including the need for 

improved policy implementation, resource mobilisation, 

and international cooperation to meet ambitious climate 

targets.  

To effectively address the climate issue, governments 

must prioritise taking action on climate change, make 

investments in infrastructure for renewable energy, 

encourage sustainable behaviour, and form international 

coalitions. To capitalise on past successes and accelerate 

climate action, local authorities should prioritise putting 

climate change legislation into effect and maintaining 

strong regional and international cooperation. The 

following suggestions are recommended in order to help 

strengthen climate change legislation to achieve climate 

goals:  

To enhance the implementation of existing climate 

policies, authorities should put first their successful 

execution plans, checking that they align with national 

development priorities and allocate adequate resources for 

this purpose. Including knowledge-sharing and capacity-

building seminars and activities in the plan is also of great 

importance in improving technical competency and 

increase climate change awareness among local residents, 

policymakers, and stakeholders.  

Strengthen International Cooperation: Countries 

should strengthen their regional and international 

frameworks for collaboration and knowledge-sharing in 

order to optimize on best practices, generate capital, and 

transfer technology for climate action. Governments 

should accelerate the transition to renewable energy 

sources through policy incentives, investment frameworks, 

and regulatory reforms in order to reduce reliance on fossil 

fuels and reduce greenhouse gas emissions. Promote 

Sustainable Agriculture: Agricultural policy should 

prioritise sustainable practices, soil conservation, 

agroforestry, and climate-smart technology to improve 

resilience, food security, and rural livelihoods while 

reducing agricultural emissions. 

Invest in Climate Resilience: To ensure resilience to 

the effects of climate change, governments should 

prioritise investments in climate resilience infrastructure, 

early warning systems, risk mitigation strategies, and 

community-based adaptation projects. 
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ABSTRACT 

This study carried out extensive numerical studies on a refined “One dimensional (1-D) Reynolds Averaging 

Navier-Stokes (RANS) Model” for vegetated open channel flow.  In the 1-D RANS model, the Spalart Allmaras 

closure model was used to model the turbulence caused by eddies within the vegetation zone and the interface 

between the top of the vegetation and the clear water zone. In this work, numerical simulations using 1-D RANS 

model are carried out using dataset obtained from the laboratory under different hydraulic conditions of varying 

areal vegetation densities. Three classes of highly flexible vegetation densities were simulated: low, medium and 

highly dense vegetation. The model predictions in terms of mean vertical stream-wise velocity profile and Reynolds 

Shear Stresses were compared with the laboratory flume experimental results. The 1-D RANS model performances 

were satisfactory for low and medium densities.  However, discrepancies were seen in the model prediction for 

highly dense vegetation. Hence, the hydraulic roughness parameters in the numerical model has been modified for 

model re-calibration to capture the position of zero-displacement of velocities. Using the modified parameters, the 

velocity profiles and the Reynolds Shear Stresses were predicted with very low uncertainty.  

Keywords: Zero-displacement parameter, 1-D RANS model, Reynolds shear stresses, areal density, flexible 

vegetation 
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INTRODUCTION 
 

The importance of vegetation as a component of aquatic 

ecosystems cannot be over-emphasized. It has ecological 

benefits in improving water quality and reducing soil 

erosion by altering the flow magnitude (Truong and 

Uijttewaal, 2019; Abdullahi and Busari, 2021). Numerical 

simulation is an effective approach to show the flow 

structure in a vegetated channel when the right turbulent 

modeling is combined with continuity and momentum 

equations (Li and Busari, 2019; Manko and Busari, 2020).  

In-banks vegetation or emergent and submerged 

floodplain vegetation in rivers and streams have 

significantly affects the lateral and vertical velocity 

distributions of flow especially on the turbulence statistics 

(Chiaradia et al., 2019). 

Accurate quantification of the bulk effects of flow-

vegetation interaction is a significant challenge in the field 

of eco-hydraulics as well as of great importance in the 

design of flood protection or stream restoration schemes 

(Errico et al., 2019). It has been established that both 

density and distribution of submerged aquatic weeds had a 

significant impact on the efficiency and equitability of 

water distribution (Di Stefano et al., 2022). Thus, 

increasing the density or distribution of vegetation in a 

channel, reduces the flow and attenuate the downstream 

flow and consequently the upstream will be subjected to 

flooding.  

In spite of the above, vegetation has the ability to 

increase bank stability, reduce erosion and turbidity, 

provide habitat for aquatic and terrestrial wildlife, 

attenuate downstream floods, present aesthetic properties 

and filter pollutants (Ferro and Porto, 2018).  

Sequel to the above ecological functions, efforts are 

now being made at the global level for restoration and 

rehabilitation of the waterways, flood plain management 

and restoration of river ecosystems. To understand the 

impact of vegetation roughness on inducing frictional 

resistance to flow, more research is needed and to achieve 

this, both experimental study and numerical simulation are 

performed considering the effect of vegetal density, 

plants’ flexibility, and channel slope on flow structures by 

incorporating a zero-displacement parameter to capture the 

scale of turbulence vis-à-vis the position of zero velocity 
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near the bed. To this note, the paper presents a 1-D RANS 

model that includes all essential hydraulic parameters to 

enhance the accurate prediction of the flow structures in a 

shallow vegetated watercourse. More so, the study 

provides an extensive dataset for the validation and 

subsequent recalibration of the index variables of zero-

displacement parameters. 

 

MODEL THEORETICAL BACKGROUND  

 

One dimensional model 

In this study a refined 1-D version of the model 

developed by (Busari and Li, 2006) has been used, in the 

model, vegetated flows are assumed unidirectional for 

shallow flow depth. Multi-dimensional models require 

more laborious and time-consuming for the generation of a 

large number of synthetic data.  

Several experimental cases were simulated using the 

model. The dataset is obtained from the laboratory 

experiments which contain nine variables for blade-type 

vegetation: flow depth (h), Energy slope (𝑆) stem width 

(𝐵), vegetation height (𝑘𝑣), vegetal thickness (𝑡), flow rate 

(𝑄) flexural rigidity (𝐸𝐼) and number of strips or stems per 

unit Area (𝑁) and drag coefficient (𝐶𝑑). 

 

Governing equations 

Continuity equations and horizontal momentum 

equation, represented by (Eqn. 1) and (Eqn. 2) 

respectively.  
𝜕𝑢𝑖

𝜕𝑥𝑖
= 0      𝑖 = 1      (1) 

𝜕𝑢𝑖

𝜕𝑡
+ 𝑢𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗
=

𝜕

𝜕𝑥𝑗
[𝜈𝑚 (

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
) +

𝜏𝑖𝑗

𝜌
] −

1

𝜌

𝜕𝑝

𝜕𝑥𝑖
−

1

𝜌
𝐹𝑖 + 𝑔𝑖   I=1, j=3     (2) 

where 𝑥𝑖  (= 𝑥1) = coordinate in horizontal direction 

(m); 𝑢𝑖 (= 𝑢1) = time-averaged velocity in horizontal 

direction (m/s); 𝑢𝑗= 0; t = time (s); 𝜌 = fluid density 

(kg/m
3
); 𝜈𝑚 = molecular viscosity (m

2
s

-1
); 𝜏𝑖𝑗 = −𝜌𝑢𝑖

′𝑢𝑗
′ = 

Reynolds stresses (N/m
2
); p = pressure (N/m

2
) is assumed 

to be a constant;  𝐹𝑖 = 𝐹𝑥 (N/m
3
) is the resistance force 

components per unit volume induced by vegetation in x 

directions; 𝑔𝑖  is the x-component of the gravitational 

acceleration and is set to gS0, where S0 = channel bottom 

slope.  

The Reynolds stresses are represented by the eddy 

viscosity model (Eqn. 3): 

𝜏𝑖𝑗

𝜌
= − 𝑢𝑖𝑢𝑗 = −2𝜈𝑡 (

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
) −

2

3
𝛿𝑖𝑗𝑘 i =1, j = 3    (3) 

where 𝑘 = 1
2⁄ 𝑢𝑖

′𝑢𝑖
′̅̅ ̅̅ ̅̅ = turbulent kinetic energy (m

2
s

-2
) 

which can be absorbed into the pressure gradient term and 

𝜈𝑡 = eddy viscosity (m
2
s

-1
). 

Turbulence closure model 

The eddy viscosity
 

𝜈𝑡 is specified by the Spalart-

Allmaras (S-A) turbulence model which involves the 

solution of a new eddy viscosity variable, . The version 

of the model used is for near-wall region and moderate 

Reynolds number (Spalart and Allmaras, 1994). The S-A 

model is intrinsically a transport equation for the eddy 

viscosity developed under the well-known Boussinesq 

hypothesis and it is as follows (Eqn. 4): 

𝜕𝜈

𝜕𝑡
+ 𝑢𝑗

𝜕𝜈

𝜕𝑥𝑗
= 𝐶𝑏1𝑆̃𝜈𝜈 +

1

𝜌
{

𝜕

𝜕𝑥𝑗
[(𝜈 + 𝜈𝑚) (

𝜕𝜈

𝜕𝑥𝑗
)] +

𝐶𝑏2 (
𝜕𝜈

𝜕𝑥𝑗

𝜕𝜈

𝜕𝑥𝑗
)} − 𝐶𝑤1𝑓𝑤 (

𝜈

𝑑
)

2

   (4) 

The eddy viscosity and its magnitude including the 

constants of the model are well defined in (Spalart and 

Allmaras, 1994). 

 

The vegetation induced drag force 

On the influence of vegetation, the resistance force 

due to vegetation is defined by the quadratic friction law. 

The drag force is resulted from wake formation 

downstream of the stem. The average force per unit 

volume within the vegetation domain is obtained by 

(Eqn.5) 

𝐹𝑖 = 𝑁𝑓𝑖 =
1

2
𝜌𝐶𝑑𝑁𝐵𝑢𝑖√𝑢𝑖𝑢𝑗 =  

1

2
𝜌𝑓𝑟𝑘𝑢𝑖√𝑢𝑗𝑢𝑗 i= 1     (5) 

where N = vegetation density (defined as the number 

of stems per unit area,1/m2) and 𝑓𝑟𝑘 =  𝐶𝑑𝑁𝐵.  

 

Flexibility accountability using (Large deflection 

theory of analysis) 

A large deflection analysis based on the Euler-

Bernoulli law for bending of a slender transducer has been 

used to determine the large deflection of the plant stem. 

The analysis modeled each vegetation stem as a vertical 

in-extensible non-prismatic slender transducer of length, 𝑙. 

The water flows produce variable distributed loads 

𝑞𝑥(𝑠)  on the transducer along the x-direction. According 

to Euler-Bernoulli's law, the local bending moment is 

proportional to the local curvature.  

𝑀(𝑠) = 𝐸𝐼(𝑠)
𝑑2𝛿

𝑑𝑠2

1−(
𝑑𝛿

𝑑𝑠
)

2      (6) 

where, M is the bending moment (Nm), 𝑠 is the local 

ordinate along the transducer, 𝐸 is the modulus of 

elasticity (N/m
2
), 𝐼 is the Second moment of area (m

4
) and, 

𝛿 is the deflection in x-direction (m). 

The equilibrium of forces and momentum gives 

 
𝑑2𝑀

𝑑𝑠2 +
𝑑𝑀 

𝑑𝑠

𝑑𝛿

𝑑𝑠

𝑑2𝛿

𝑑𝑠2

[1−(
𝑑𝛿

𝑑𝑠
)

2
]

=  −𝑞𝑥(𝑠)√1 − (
𝑑𝛿

𝑑𝑠
)

2

    (7) 
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Combining of (Eqns. 6 and 7) yielded a fourth order 

nonlinear (Eqn. 8) in the deflection 𝛿 

𝑑2

𝑑𝑠2
[𝐸𝐼(𝑠)

𝑑2𝛿

𝑑𝑠2

1−(
𝑑𝛿
𝑑𝑠

)
2 ] +

𝑑 

𝑑𝑠
[𝐸𝐼(𝑠)

𝑑2𝛿

𝑑𝑠2

1−(
𝑑𝛿
𝑑𝑠

)
2 ]

𝑑𝛿
𝑑𝑠

𝑑2𝛿

𝑑𝑠2

[1−(
𝑑𝛿
𝑑𝑠

)
2

]
=  −𝑞𝑥(𝑠)√1 − (

𝑑𝛿

𝑑𝑠
)

2

    (8) 

The vegetation stem is taken as inextensible as the 

total length remains constant. By dividing the stem into 𝑛 

equal part of constant length∆𝑠, the z-ordinate of the 𝑖th
 

node is obtained by (Eqn.9) 

𝑧𝑖 = ∑ √∆𝑠2 − (𝛿𝑖 − 𝛿𝑖−1)2𝑖=𝑛
𝑗=1   (9) 

 

Numerical methods and boundary conditions 

The deflected height of the stem is then equal to 𝑧𝑛. 

The (Eqn. 9) is then solved using a quasi-linearized central 

finite difference scheme. To minimize computational 

effort, the solution can be expressed in non-dimensional 

form relating the deflected height of vegetation to the 

applied force, hence, it is approximated by a polynomial.  

At the free surface, zero pressure and zero gradients 

of velocity component are specified: 

𝑝 = 0        𝑎𝑛𝑑         
𝜕𝑢𝑖

𝜕𝜎
= 0   (10) 

At the bottom, the logarithmic law wall function is 

given by (Eqn.11) 

𝑢 = 𝑢𝑤 [
1

𝜅
𝑙𝑛 (

𝑢𝑤𝑧

𝜈𝑚
) + 𝐵] , 𝜈 = 𝜅 𝑧 𝑢𝑤   (11) 

where 𝑢𝑤 = wall shear velocity (m/s); 𝑧 = distance 

from the wall (m); and 𝐵 = 8.5. By knowing the velocity 

at the point next to the wall with distance, 𝑧 the wall shear 

stress can be computed iteratively.  

The above equations were coded script using C
++

 

language. The bulk drag coefficient is estimated as 

(Eqn.12): 
𝐶𝑑𝜆𝑘𝑣

2𝐵2ℎ3

𝑄2

(1−𝜙
𝑘𝑣
ℎ

)
3 − 𝑔𝑆 = − (𝑔 −

𝑄2

𝐵2ℎ3)
∆ℎ

∆𝑥
                 (12) 

The solid volume fraction of the vegetation zone is 

defined by  𝜙 = 𝑁𝐵𝑡 = 𝜆𝑡 (-).  The frontal area of 

vegetation per unit volume (areal density) is then given by 

𝜆 = 𝑁𝐵  (m
-1

). The x , is a small longitudinal distance 

and h    is the resulted change in the hydraulic head 

(water level difference) due to the change. These 

parameters are captured in the model (Figure 1). 

 

 

 
Figure 1. Modelled hydraulic conditions/Input data file 

RESULTS AND DISCUSSION 

 

Recently, Azorji and Busari, (2021) and Abdullahi and 

Busari, (2021) carried out extensive laboratory flume 

experiments and field investigations on flexible vegetation 

growth in waterways with varying areal densities. Hence, 

the need for this study to further validate the 1-D RANS 

model towards its application to highly dense flexible 

vegetation under laboratory control experiments and field 

studies. A screenshot of the simulation time step and stage 

is shown in Figure 2). 

 

 
Figure 2. Simulation stage and Time step 

 

General experimental hydraulic conditions  

In the studies, Azorji and Busari, (2021) and 

Abdullahi and Busari, (2021) categorized areal vegetal 

density into three (3) categories: (i) less dense; (ii) dense 

vegetation and (iii) high density vegetation. The hydraulic 

parameters are shown in (Table 1). The details of the 

flume experiment conducted can be found in (Azorji and 

Busari, 2021; Abdullahi and Busari, 2021). The maximum 

discharge throughout the experiment was 50 cm
3
/hr.  

 

 

Table 1. Hydraulic conditions 

 

Author 

Hydraulic parameters 
Density 

 class Vegetation parameter 
Flow 

parameter 

Azorji and 

Busari, 

(2021) 

𝐵 = 0.0076 𝑚; 

10 ≤ 𝑁 ≤ 540 𝑚−2; 

0.3 ≤ 𝐶𝑑 ≤ 0.7; 

𝑘𝑣 = 0.12𝑚 

ℎ = 0.35 𝑚; 

10−2 ≤ gS
≤ 0.04 

Low 

Abdullahi 

and Busari, 

(2021) 

𝐵 = 0.0022 𝑚 

600 ≤ 𝑁 ≤ 3200 𝑚−2; 

0.6 ≤ 𝐶𝑑 ≤ 1.2; 𝑘𝑣 = 0.34 𝑚 

ℎ = 0.62 𝑚; 

gS = 10−2 
Medium 

Abdullahi 

and Busari, 

(2021) 

𝐵 = 0.0022 𝑚 

4250 ≤ 𝑁 ≤ 8000 𝑚−2; 

0.8 ≤ 𝐶𝑑 ≤ 1.0; 𝑘𝑣 = 0.34 𝑚 

ℎ = 0.62 𝑚; 

gS = 10−2 
High 
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Modeling of low vegetal density 

 

Vertical mean stream-wise velocity profile 

The result in Figure 3 clearly indicates the influence 

of vegetation density on the velocity profile in a vegetated 

canopy. On both axes, the variables are normalized. The 

shear velocity (𝑢∗ = √𝑔𝑆 (ℎ − 𝑘𝑣) on the horizontal axis 

to yield scaling parameters. 

The entire shape of low density vegetation (e.g.10 ≤

𝑁 ≤ 90𝑚−2) from the depth of zero-displacement within 

the vegetation zone through the clear water zone follows 

an exponential law. The trend changes as the density 

increases. For 90 ≤ 𝑁 ≤ 210 𝑚−2, a point of inflexion is 

observed slightly at the interface between the deflected 

vegetation height (see the green dotted line) and clear 

water zone. Hence, the shape of the velocity profile above 

the vegetation zone begins to change from exponential to 

logarithmic law, whereas the nature of the velocity profile 

within the vegetation zone remains exponential. Beyond, 

N=210, the profile is defined as S-shape. It can be 

observed that the RANS model predicted all the shape and 

profile transformations as observed in the laboratory 

experiment. 

 
Figure 3. Mean vertical stream-wise velocity profile for 

flexible, less dense areal vegetation 

 

 

Reynolds shear stresses in a low density vegetated 

channel flow  

The Figure 4 shows the predictive power of the 1-D 

RANS model to replicate the measured Reynolds shear 

stresses (−/𝑢𝑤/). The values of the max shear stresses at 

the interface between the top of the vegetation and the 

clear water zone are highly correlated with the laboratory 

observed values for the varying areal densities. The results 

show the instability of the shear stresses just above 

channel bed due induced vegetation drag by the flow 

hydraulic resistance from the vegetation.  

 

 

 

 
Figure 4. Measured and modelled longitudinal Reynolds 

shear stresses (low vegetal density). 
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Modeling of medium vegetal density 

 

Vertical mean stream-wise velocity profile 

Figure 5 shows that the experimentally predicted S-

shaped vertical mean stream-wise velocity profile was 

perfectly replicated by the RANS model. The replication is 

very good from the measured point above the channel bed 

up to the water surface. It apparent that the points of 

inflexion are entirely below the deflected heights (the 

horizontal dotted line) of the vegetation. The location of 

point of the inflexion rises towards the vegetation height 

with increasing vegetal density due to the reduction in the 

vortex shedding at the interface between the vegetation 

zone and the clear water zone. 

 

Reynolds shear stresses in a medium dense 

vegetated channel flow  

In Figure 6, a good correlation exists between the 

experimental and modelled results. The prediction was 

perfect up to the position of the least shear stresses. The 

scale of the vortex produced became minimal as the 

vegetation resistance balanced the gravitational flow 

forces. 

 

 
Figure 5. Mean vertical stream-wise velocity profile for 

flexible, medium dense areal vegetation 

 

 

 

 
Figure 6. Measured and simulated Reynolds Shear Stresses (medium density vegetation) 

 
Modeling of highly dense vegetal cover 

Vertical mean stream-wise velocity profile  

Figure 7 shows the model prediction of velocity 

profile against the experimental results. The RANS model 

under-predicted the velocities with the vegetation zone for 

the range vegetal densities and the reduced turbulent scale 

becomes difficult to replicate. Its predictive capability 

decreases for 𝑁 = 7000 and 8000 due to over-estimation 

of the mean velocity close to the water surface. This 

variation could be attributed to the secondary current 

produced at the interface between the boundary wall and 

flowing water. To account for this deficiency in the model 

prediction, the roughness parameters in the zero-

displacement equation used in the model need to be re-

calibrated. 
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Figure 7. Mean vertical stream-wise velocity profile for 

very dense flexible vegetation 

 

 

Reynolds shear stresses in a highly dense vegetated 

channel flow  

In Figure 8, a good correlation exists between the 

experimental and modelled results. However, 

discrepancies arise due to low correlations of results 

especially in the vegetation zone arising from high-value 

prediction of Reynolds shear stresses. The scale of the 

vortex produced became minimal as the vegetation 

resistance balanced the gravitational flow forces.  

 

 

 

 

 
Figure 8. Measured and simulated Reynolds Shear 

Stresses (high density vegetation) 
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Re-calibration of hydraulic roughness parameters 

In the case of wall-bounded shear flow, the turbulence 

length scale L is proportional to the distance from the 

point of interest to the channel bed. In the presence of 

varying vegetation sizes, the turbulence length scale is 

reduced to allow turbulence eddies above the vegetation 

zone to reach the channel bed. A zero-plane displacement 

parameter, 𝑍𝑜 is introduced to simulate the reduction in the 

turbulence length scale The L value of a point at level Z is 

obtained by (Eqn. 13) 

 

{
𝐿 = 𝑍 − 𝑍𝑜,     𝑍 > 𝑘𝑑 > 𝑍𝑜

𝐿 = 𝑍 (𝑘𝑑 − 𝑍𝑜) 𝑘𝑑⁄ ,     𝑍 < 𝑘𝑑
  (13) 

 

where 𝑘𝑑 is the deflected height of vegetation (m).  

This study adopted the empirical equation of 

𝑍𝑜developed by (Busari and Li, 2016) which is given by 

(Eqn. 13):  

 

𝑍𝑜

𝑘𝑑
=

𝑓𝑣
𝛽

𝑓𝑣
𝛽

+𝛼𝛽
    (14) 

 

These roughness parameter indices are given as 

𝛼 = 0.7 𝑎𝑛𝑑 𝛽=0.5. For very high density as presented in 

this work, there is need to recalibrate these indices to fit 

the reduction in turbulent length scale required for highly 

dense vegetation. The parameters were varied within a 

suitable range until the modeled velocity profile matched 

the experimentally observed profile. Based on this, the 

best results is obtained for 𝛼 = 0.56 𝑎𝑛𝑑 𝛽=0.64. 

 

Modified vertical mean stream-wise velocity profile 

using the calibrated  𝜶 and  𝜷 

The velocity profiles are reproduced using the 

modified values of  𝛼 and  𝛽 in the (Eqn.14) to obtain a 

new 𝑍𝑜value which is then fed into the numerical input 

file. The newly obtained mean vertical stream-wise 

velocities are shown in Figure 9.  

 

Relationship between Maximum Reynolds Shear 

Stress and Vegetal Densities 

In Figure 10, the fitting of the relationship between 

the maximum Reynolds Shear Stresses and the vegetation 

density shows a non-linearity properties of power law for 

low vegetal covers. 

In Figure 11, the fitting of the relationship between 

the maximum Reynolds Shear Stresses and the vegetation 

density shows perfect linearity properties for medium 

vegetal covers.  

In Figure 12, the fitting of the relationship between 

the maximum Reynolds Shear Stresses and the vegetation 

density shows perfect linearity properties for highly dense 

vegetation as observed in Figure 8. This implies that the 

deflection of vegetation at high densities is lowered as the 

vegetal density increases, due to increase in the hydraulic 

resistance to the flow. Hence, more water will be diverted 

above the vegetation zone. 

 

 

 
Figure 9. Mean vertical stream-wise vel. profile for dense 

flexible vegetation (𝛼 = 0.56 and 𝑎𝑛𝑑 𝛽=0.64) 
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Figure 10. Maximum Reynolds Shear Stresses and 

vegetation density (Class I) 

 

 
Figure 11. Maximum Reynolds Shear Stresses and 

vegetation density (Class II) 

 

 
Figure 12. Maximum Reynolds Shear Stresses and 

vegetation density (Class III) 

 

CONCLUSIONS 

 

The present study deepens the understanding of vegetated 

channel modeling by taking into consideration the 

influence of zero-plane displacement parameter and the 

effect of varying vegetation density on the vertical mean 

stream-wise velocity profile of submerged flexible 

vegetation through the numerical simulation of laboratory 

flume experiments of vegetative open channel flow. The 

study verifies the dependency of the shapes of the vertical 

mean stream-wise velocity profile on the vegetal areal 

densities; in addition, the model replicate the vertical mean 

stream-wise velocity profile and Reynolds shear stress 

profile for varying vegetal areal densities. However, 

discrepancy was found in the prediction for very high 

density. Based on the recalibration of hydraulic roughness 

parameters, the 1-D RANS model replicate the vertical 

mean stream-wise velocity profile and Reynolds Shear 

Stresses accurately. 
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ABSTRACT 

The widespread acceptance of concrete can be attributed to its unique characteristics, despite inherent drawbacks 

such as brittleness and weak tensile strength. The study was aimed at evaluating the optimal content and 

characterization of steel fibres required to impede crack propagation and enhance overall strength of concrete. The 

influence of critical factors like fibre content, length, diameter, and volume fraction on the performance of steel 

fibre reinforced concretes (SFRC) through statistical analysis of 209 experimental data. The influence of these 

factors on the compressive, flexural, and tensile strengths of concrete was analyzed as a function of the mean and 

coefficient of variation of the normalized strength values. The study found that steel fibres in concrete produced 

success rates of 67.9% (7.1% average strength improvement = ASI) in compressive strength, 78.5% (38.2% ASI) in 

flexural strength and 84.2% (23.8% ASI) in tensile strength. The study further separately examined the impact of 

steel fibres on both normal strength concretes (NSC) and high strength concretes (HSC). The findings indicated an 

overall success rate of 60% (6.97% ASI), 69.9% (38.36% ASI), and 75.6% (23.59% ASI) for compressive, flexural, 

and split tensile strength, respectively, in NSC. However, higher degree of strength enhancement of 74.0% (7.16% 

ASI), 84.8% (39.21% ASI), and 86.6% (23.51% ASI) were recorded for compressive, flexural, and split tensile 

strength, respectively in HSC. The research underscores the effectiveness of incorporating steel fibres as a 

reinforcement strategy in enhancing various strength aspects of concrete. 

Keywords: Fibre reinforced concrete, steel fibres, compressive strength, tensile strength, flexural strength, 

normalized strength, average strength improvement. 

R
E

S
E

A
R

C
H

 A
R

T
IC

L
E

 
P

II: S
2
2

5
2
0

4
3
0

2
4
0

0
0
2

5
-1

4
 

R
eceiv

ed
: Ju

n
e 2

5
, 2

0
2
4
 

R
ev

ised
: S

ep
tem

b
er 0

2
, 2

0
2
4

 

A
ccep

ted
: S

ep
tem

b
er 0

5
, 2

0
2
4

 

 

 

INTRODUCTION 
 

Concrete is practically the most widely used construction 

material, which contributes immensely to global economic 

growth and infrastructural development (Adewuyi et al., 

2015). However, concrete has low flexural and tensile 

strength and lacks the ability to resist cracks (Kim et al., 

2019; Sidiq et al., 2019). The incorporation of fibers into 

concrete matrices, to produce fiber reinforced concrete 

(FRC) has been found to enhance the tensile and flexural 

strength of concrete. Steel fibre reinforced concrete 

(SFRC) is a composite material comprising of cement, fine 

and coarse aggregates, and discrete discontinuous steel 

fibres (Zhang et al., 2014; Balagopal et al., 2022). 

Numerous studies have reported the influences of 

incorporating steel fibres on the mechanical properties of 

concrete, but the research findings differ across different 

studies. Consequently, this study embarks on a 

comprehensive performance-based analysis of SFRCs 

through the application of statistical analysis to an 

extensive experimental database. The aim of the study was 

to systematically evaluate the influence of key parameters 

namely the type of steel fibre, the percentage fiber content 

or volume fraction, the fibre geometry (i.e. the length, 

diameter or the aspect ratio of fibre) on the mechanical 

and durability properties of SFRC from normal and high 

strength concrete. This sheds light on the intricate 

interactions between the constituents and their impact on 

overall performance. 

 

MATERIALS AND METHODS 

 

Data extraction from experimental studies 

The database of 209 experimental investigations 

conducted on steel FRC of a large variety of concrete 

mixes, covered various ranges of compressive strength of 

the mixes, volume fraction of the fibres, fibre aspect ratio, 

fibre tensile strength and modulus of elasticity. The 

criteria considered for selection of suitable experimental 

data from relevant literature included the impact factor, 
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publication year, and citation count. Data documented 

only in specialized research publications in high quality 

journals of impact factors of 0.554 – 7.675, of citations 

ranging from zero (for the most recently published 

articles) to 1103 within the publication years 2010 to 

2023. Table 1 shows the properties of concrete, steel fibres 

and fibre content in the SFRC experimental programme.  

Control specimens accounted for 17.2% of the total 

sample size. Figure 1 shows the graphical distribution of 

the SFRC in terms of the fibre geometry was hooked – 

82%, straight – 9%, corrugated – 3%, crimped – 2%, 

closed – 2% and round ended steel fibres – 1%. It also 

evident from Figure 1(b) that the corrugated steel fibre had 

the highest strength enhancement of 82.6% (for flexure) 

and 68.1% (for tension), followed by straight, hooked, 

crimped, closed and the least enhanced fibre was the round 

steel fibres. While no steel fibre compromised the 

compressive strength threshold, the maximum 

enhancement was 14% (for round steel fibre), followed by 

hooked (9.03%), corrugated (8%), straight (6.9%), 

crimped (5.1%) and the least was closed steel fibre (2.7%). 

Moreover, in terms of the success rate or otherwise as 

shown in Figure 1(c), all the FRC samples concrete 

scrimped and closed steel fibers recorded 100% success 

rates in compression, flexure and tension. Straight and 

corrugated SFRCs recorded 100% success rates in flexure 

and tension, while there were 15% and 16.7% failure rates 

for samples in compression. Hooked FRCs samples all 

passed the tensile strength threshold, but 17.8% and 4.27% 

of the samples fell short in compression and flexure. 

Finally, all the round steel FRCs passed compressive 

strength assessment, but only one-half of the samples 

passed the flexural strength limit.  

Fibres were classified as normal strength (≤50 MPa) 

and high strength (> 50 MPa) according to Eurocode 2. 

Data collection criteria included impact factor, publication 

year, and citation count. The experimental database 

comprises 90 samples normal strength concrete (43% of 

entire experimental data), while high strength concrete 

(119 samples) accounted for the remaining 57%. 

 

Table 1. Properties of the steel fibres 

Properties Values 

Concrete compressive strength (MPa) 18-195 

Volume fraction (%) 0.05-5 

Fibre length (mm) 13-130 

Fibre diameter (mm) 0.2-1.6 

Tensile strength of fibres (MPa) 250-2660 

Elastic modulus of fibres (GPa) 200-210 

 

Evaluation of strength enhancement based on 

normalization of test data 

The data was normalized with respect to the control 

to account for different concrete grades in the 

experimental dataset. This created a benchmark for 

analysis, where values below one meant decreased 

strength, values at one showed no improvement, and 

values above one indicated increased strength.  

The normalized strength ratio (NSR) is expressed as 

the ratio of strength of fibre reinforced concrete to the 

strength of plain concrete without fibre. 
 

𝑁𝑆𝑅 =
Strength of fibre reinforced concrete

Strength of equivalent grade of plain content
  (1) 

 

The normalized strength ratio (NSR) is expressed in 

terms of the compressive, tensile and flexural strengths 

designated as NCS, NTS and NFS. 

Normalized compressive strength, 𝑁𝐶𝑆 =
𝑓𝑐𝑘

′

𝑓𝑐𝑘0
′ (2) 

 

Normalized tensile strength, 𝑁𝑇𝑆 =
𝑓𝑐𝑡

′

𝑓𝑐𝑡0
′ (3)

  

Normalized flexural strength, 𝑁𝐹𝑆 =
𝑓𝑐𝑓

′

𝑓𝑐𝑓0
′ (4) 

where 𝑓𝑐𝑘0
′ , 𝑓𝑐𝑡0

′  and 𝑓𝑐𝑓0
′   are compressive, tensile 

and flexural strength of plain concrete (with no fibres) 

respectively. Likewise, 𝑓𝑐𝑘
′ , 𝑓𝑐𝑡

′  and 𝑓𝑐𝑓
′   are compressive, 

tensile and flexural strength of fibre reinforced concrete 

respectively. 

 

Degree of success and failure 

The efficiency of FRC is measured as the extent to 

which the normalization exceeds a threshold of 1. Hence 

the success rate (SR) and the failure rate (FR) is calculated 

as given by equations (5) and (6). A sample is said to be 

successful when NSR ≥ 1, while a failed sample has NSR 

< 1. The optimal constituent parameters are then 

determined by accessing the degree of success based on 

the frequency of the parameters that produced the best 

strength efficiency of FRC.  

The success rate is determined as the percentage ratio 

of the successful samples to the entire population size of 

investigated samples, while failure rate was calculated as 

the percentage ratio of failed samples to the entire 

population size. The calculation of success and failure 

involved applying the formulae.  

(5) Success rate (SR) =
Number of successful samples

Total population size
× 100%      

 

Failure rate (FR) =
Number of failed samples

Total population size
× 100% (6) 
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Figure 1. Distribution, mean normalized strengths and 

efficiency of different steel fibres in SFRC experimental 

scheme 

 
RESULTS AND DISCUSSION 

 

Statistical description of data distribution 

Table 2 shows the statistical parameters in terms of 

the mean, standard deviation, coefficient of variance, 

skewness and kurtosis values for the normalized 

compressive, tensile and flexural strength for steel fibre 

reinforced concretes. It is evident from the findings that 

introduction of fibres in plain concrete enhanced the 

flexural and tensile properties by 38.2% and 23.8% 

respectively, while the compressive strength was only 

improved by a single digit 7.1%. The coefficient of 

variation of the data were within the 30% reliability 

bracket. 

 

Table 2. Statistical parameters of the normalized strengths 

of hardened steel FRC 

Statistical 

parameter 
Mean 

Standard 

deviation 

CoV  

(%) 

Compressive strength 1.071 0.117 11 

Flexural strength 1.382 0.399 28.8 

Tensile strength 1.238 0.237 19.2 

 

Effect of fibre volume fraction on concrete 

properties 

Figure 2 presents the performance of SFRC in terms 

of the normalized strength values and the success/failure 

rate of different volume fractions of embedded steel. The 

performance of the SFRC in terms of the volume fraction 

is presented for compression, flexure and tension in the 

subsequent sections, while Figure 2(d) shows that fibre 

volume content range 1.0 to 1.5% produced the optimal 

performance and by extension the highest success rate. 

Compressive strength 

Some literature indicates that adding steel fibre to 

concrete can enhance compressive strength by 4-19% (Ali 

et al., 2022; Zhang et al., 2020). However, studies also 

suggest that steel fiber under 1.0% may not significantly 

impact compressive strength (Rizzuti & Bencardino, 2014; 

Soulioti et al., 2011).   Figure 2 presents the influence of 

the volume fraction of different geometric properties and 

shapes of steel fibres on the normalized strengths of FRC. 

Figure 2(a) illustrates the impact of steel fibre volume 

fraction on concrete’s compressive strength. Optimal 

strength enhancement was achieved at 1.5% volume 

fraction. Nonetheless, within the 0.5-2% range, the data 

consistently provided useful insights, particularly 

highlighting 1.5% as yielding the highest average increase 

of 15.68%. Additionally, it demonstrated a success rate of 

86.96% alongside a 13.04% failure rate. 

Flexural strength 

The flexural strengths of SFRC are reported to be 

significantly higher, ranging from 3% to 81% greater than 

those of the reference mixture (Ali et al., 2022; Zhang et 

al., 2020). This is due to the bridging effect of the fibers, 

which inhibits fracture propagation and enhances flexural 

performance through stress redistribution (Jun et al., 

2023).  Figure 2(b) quantifies the influence of volume 

fraction of steel fibers on the flexural strength of FRC. The 

most significant improvement was observed at 1.5% 
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volume fraction. However, data points were well-

distributed across 0.5%, 1%, and 2% volume fractions. 

Notably, 1.5% (98.87% average increase) and 2% (61.12% 

average increase) fiber volumes exhibited the most 

substantial enhancements. It was found that while both 

1.5% and 2% showed a 100% success rate, the average 

strength enhancement was higher at 1.5%. 

 
Figure 2. Normalized compressive, flexural and tensile 

strength of SFRCs with respect to the volume fraction 

Split tensile strength 

According to various studies, the inclusion of steel 

fibers in concrete has been shown to notably enhance the 

split tensile strength of the material surpassing the 

reference mixture by approximately 11–54% (Ali et al., 

2022; Zhang et al., 2020). Figure 2(c) illustrates the 

impact of steel fiber volume fraction on concrete's tensile 

strength. The highest enhancement was observed at a 2% 

fiber content, resulting in a 47.16% increase and a 100% 

success rate. However, data points were well- distributed 

across 0.5%, 1%, and 1.5% volume fractions, resulting in 

respective increases of 17.63%, 28.41%, and 41.77% in 

NTS. These findings highlight a positive correlation 

between NTS and fiber volume, with the optimum volume 

identified as 2%. 

 

Effect of fibre length on concrete properties 

 

Compressive strength capacity of FRC 

Figure 3 shows the effects of fibre length on the 

strength of concrete in compression, tension and flexure. 

As shown in Figure 3(a), most of the data points were 

within the volume fractions of 0-0.5%, 0.5-1.0%, 1.0-1.5% 

and 1.5-2.0%. The subsequent analysis focused solely on 

these specific volume fractions. Table 3 summarizes the 

success rates and failure rates in enhancing compressive 

strength. The highest success rate is achieved at the 

volume fraction range of 1.0 to 1.5.The optimal fibre 

lengths within this range, contributing to an enhanced 

compressive strength, was found to be between 30-60 mm 

resulting in a 19.36% increase in compressive strength.  

 

Table 3. Summary of success and failure rates for 

compressive strength of SFRC. 

Volume fraction Success rate (%) Failure rate (%) 

0-0.5 81.48 18.52 

0.5-1.0 82.35 15.68 

1.0-1.5 87.5 12.5 

1.5-2.0 80.95 19.05 

 
Tensile performance of FRC at different fibre 

lengths 

Figure 3(b) illustrates the impact of steel fibre length 

on the split tensile strength of concrete. By observation, 

most data points were within the volume fractions of 0 to 

0.5%, 0.5 to 1.0%, and 1.0 to 1.5 %. The analysis focused 

solely on these specific volume fractions. Table 4 

summarises the success and failure rates in enchancing the 

split tensile strength. There is a 0% failure rate for all fibre 

volume fraction ranges. The average increase in the tensile 

strength is 15.93, 26.83%, 41.96%, and Considering the 
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increase, the range from 1.0 to 1.5% offers the best 

enhancement. The optimal fibre lengths within this range, 

contributing to an enhanced split tensile strength, were 

found to be in the range of 30-60 mm. 

 

Table 4. Summary of success and failure rates for split 

tensile strength of  SFRC. 

Volume fraction Success rate (%) Failure rate (%) 

0-0.5 100 0 

0.5-1.0 100 0 

1.0-1.5 100 0 

0-0.5 100 0 

 

 

 

 
Figure 3. Normalized compressive, flexural and tensile 

strength of SFRC with respect to fibre length. 

 

Flexural assessment of FRC at varying fibre 

lengths 

The effects of steel fiber lengths on concrete flexural 

strength are illustrated in Figure 3(c). Most data points 

clustered within volume fractions of 0 to 0.5%, 0.5 to 

1.0%, and 1.0 to 1.5% brackets. The analysis concentrated 

specifically on these volume fractions is summarised in 

Table 5. Noting that the 1-1.5% range yielded the highest 

average increase in flexural strength of 96.58%. 

Considering this, and keeping the volume fraction at the 

optimum 1.5%, the most impactful lengths within this 

range were 30 mm, 40 mm, 50 mm, and 60 mm, resulting 

in respective increases of 95.5%, 105.7%, 136.0%, and 

111.9%. The findings indicated a positive correlation 

between length and flexural strength, with 50 mm 

identified as the optimal length. 
 

Table 5. Summary of success and failure rates for flexural 

strength of  SFRC. 

Volume fraction Success rate (%) Failure rate (%) 

0-0.5 91.11 8.89 

0.5-1.0 97.67 2.33 

1.0-1.5 100 0 

 

Effect of fibre diameter on concrete properties 

Influence of fibre size on compressive strength 

Figure 4(a) depicts the influence of fibre diameter on 

the mechanical properties SFRCs. The preceding analysis 

has shown that 1.0-1.5% volume fraction is the most 

beneficial and effective volume fraction for SFRCs.  

Within this range, maintaining a volume fraction of 

1.5%, key fiber diameters were around 0.5 mm, 0.62 mm, 

0.75 mm, and 1.03 mm, resulting in average NCS of 

1.1941, 1.1782, 1.1648, and 0.9059. These values 

correspond to strength enhancement of 19.41%, 17.82%, 

16.48%, and a reduction of 9.41% in NCS, respectively for 

the four classes of fibre diameters. The findings revealed 

that the compressive strengths decrease as the size of the 

fibre increase, where 0.5 mm was the optimal diameter. 

 

Influence of fibre diameter on tensile strength of 

SFRC 
The effect of steel fibre diameter on the split tensile 

strength of SFRC is illustrated in Figure 4(b).  Having 

concluded from preliminary assessment of volume fraction 

and its effect on the mechanical properties of SFRC, 1-

1.5% volume fraction was found as the optimal fibre 

content in FRC. Building the investigation on the optimal 

volume fraction of 1.5% for different fibre sizes 0.55 mm, 

0.75 mm, 1.03 mm, and 1.05 mm, the average split tensile 

strength corresponds to an enhancement of 53.4%, 36.4%, 

22.8%, and 21.9%, respectively. The results indicate that 

the average tensile strength of SFRCs decrease as the fibre 

length increased. diameter increases. The optimum fibre 

diameter to achieve the most enhanced split tensile 

strength was 0.55 mm. 

(a) 

(b) 

(c) 
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Influence of fibre diameter on flexural strength of 

SFRCs 

Figure 4(c) presents the influence of fibre diameter 

on the flexural strength of concrete. For the established 

optimal fibre volume of 1.0-1.5%, the normalized flexural 

strength corresponding to the key diameters 0.5 mm, 0.62 

mm, 0.75 mm, and 1.03 mm were 0.95, 1.21, 1.20 and 

1.05 respectively. The results demonstrate a positive 

parabolic correlation such that the flexural strength 

increases with fibre diameter and attained the maximum 

NFS of 1.225 (or 22.5% strength enhancement) at 

optimum fibre size of 0.65 mm.  
 

 

 

 
Figure 4. Normalized compressive, flexural and tensile 

strength of SFRC with respect to fibre diameter. 

Performance of SFRC Based on normal and high 

strength concrete 

Many experimental investigations have been 

conducted on fibre reinforced concretes based on different 

grades of concrete. These concrete grades can be 

categorized into the normal strength concrete (NSC) with 

characteristic compressive cylinder strength of concrete 

not exceeding 50 N/mm
2
, while the high strength concrete 

(HSC) have compressive cylinder strength greater than 50 

N/mm
2
. It has been established in the preceding sections 

that though the introduction of fibres improve the tensile 

and flexural capacities of SFRC, it ocasionally does so at 

the expense of the compressive strength. The following 

sub-sections describe the influence of that grade of 

concrete on the overall performance of steel FRC. 

Influence of concrete grade on the compressive 

strength of SFRCs 

The scattered plots of the normalized compressive 

strength (NCS) of steel FRC of varying volume fractions 

for the normal- strength concrete (NSC) and high-strength 

concrete (HSC) are shown in Figure 5(a) and Figure 5(b) 

respectively. The NSC produced an average increase of 

4.41% in the compressive strength, while only 14.19% of 

the samples fell below the control threshold. On the other 

hand, the HSC exhibited an average 9.11% enhancement 

in compressive where 12.6% fell below the control 

compressive strength.  It is therefore evident that FRC 

performed slightly better in concrete of high grade 

compared to the normal strength concrete. 

 

 

 
Figure 5. Normalized compressive strength for SFRC 

produced from (a) normal strength concrete and (b) high 

strength concrete. 

(a) 

(b) 

(c) 

(a) 

(b) 
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Figure 6. Normalized flexural strength for SFRC 

produced from (a) normal strength concrete and (b) high 

strength concrete. 

 

Influence of concrete grade on the flexural strength 

of SFRCs 

Figure 6(a) and Figure 6(b) present the comparison 

and contrast between the normalized flexural strength of 

the NSC and HSC in terms of the volume fractions. NSC 

exhibited an average of 13.87% improvement in the 

normalized flexural strength with only 5.88% failure (i.e. 

below the flexural strength of the corresponding control 

concrete). The HSC, on the other hand, produced a 

43.93% increase with only 3.03% of the tested samples 

below the control threshold values. This has further shown 

that HSC had 26.4% improvement in strength and 

additional 21.4% samples crossing the flexural strength 

threshold over the NSC for similar volume fractions. 
 

Influence of concrete grade on the split tensile 

strength of SFRCs 

Steel fibre reinforced NSC provided 18.80% increase 

in the tensile strength where not less than 75.38% of the 

tested samples crossed the tensile strength threshold for 

control concretes. Conversely, steel fibres in HSC 

performed slightly better with 21.22% improvement in 

tensile strength with 86.6% of the samples crossing the 

tensile strength threshold. These results show that HSC 

had 2.03% improvement in strength and additional 14.9% 

samples crossing the tensile strength threshold over the 

corresponding NSC for similar volume fractions. Based on 

the increase in the average NTS and the success rate, it can 

be concluded that HSC offers a better enhancement of split 

tensile strength compared to NSC. Figure 7(a) and Figure 

7 (b) present the comparison and contrast between the 

normalized split tensile strength of the NSC and HSC in 

terms of the volume fractions. 

Figure 8  presents the summary of the performance of 

SFRC produced from both normal- and high-strength 

concretes as a measure of the success ratings and strength 

enhancement in terms of the compressive, flexural and 

tensile strength. It is noteworthy that this improvement 

does not match the cost of producing the high strength 

concrete. 

 

 

 
Figure 7. Normalized split tensile strength for SFRC 

produced from (a) normal strength concrete and (b) high 

strength concrete. 

(a) 

(b) 
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Figure 8. Performance of SFRC produced from NSC and 

HSC in terms of (a) success ratings and (b) strength 

enhancement. 

 

 

CONCLUSION  

 

The influence of critical factors like fibre content, length, 

diameter, and volume fraction on the performance of steel 

fibre reinforced concretes (SFRC) for both the normal- 

and high-strength concrete is presented in this paper. 

Statistical analysis was made from 209 experimental 

database of SFRC, 82% of which were produced from 

hooked steel fibres. The following conclusion can be 

drawn from the study. 

The incorporation of steel fibres into concrete led to 

an increase in all three strengths. The optimal volume 

fraction was 1.5% for compressive and flexural capacity, 

and 2.0% for tensile strength. 

The length of the steel fibre has a direct influence on 

the performance of steel FRC. The optimum length was 

between 30 to 60 mm for compressive and tensile 

strengths, while the flexural strength was maximum at an 

optimum length of 50 mm. 

The diameter of the fibre had been found to affect the 

mechanical properties of SFRC. The optimum diameter of 

fibre were 0.5 mm, 0.55 mm and 0.62 mm for 

compressive, tensile and flexural strength, respectively. 

High-strength concrete had better influence on the 

performance of steel FRC than the normal-strength 

concrete in terms of the success ratings and the mechanical 

strengths. However, the strength and performance 

enhancement do not significantly match the cost of 

production of HSC-based FRC. 
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ABSTRACT 

Cement manufacturing companies contribute greatly to carbon-dioxide emission during production, hence there is 

need for novel eco-friendly or biodegradable cementitious material, which has the same strength and also durable. 

Geopolymers which are eco-friendly waste materials, which can also reduce construction cost, are therefore 

considered for this purpose. The geopolymer stabilizing materials, fly ash (FA), kaolin clays powder (KCP), rice 

husk ash (RHA), and alkaline activator (procured sodium silicate, waste-created sodium silicate and sodium 

hydroxide) were added at 0, 2.5, 5, 7.5, and 10%, to the naturally created superplasticizer geopolymer concrete 

(GPC), so as to solve the problem of workability and efflorescence associated with fly ash based GPC. FTIR results 

shows major absorbance band at the region between 950 and 3250 cm−1. It means that addition of the naturally 

made superplasticizer to the geopolymer concrete lowered the viscosity and increased the flow behavior of concrete. 

The geopolymer concrete consists of super plasticizer (1.5%) and optimum of various binders i.e. 5% FA + 7.5% 

KC + 10% RHA + aggregate + water. At temperature above 70°C both compressive strength and weight decreases, 

for naturally made and purchased sodium silicate. The optimal geopolymer product showed substantial strength and 

durability enhancements at 70°C temperatures, with strength and durability values decline above 70°C, indicating 

material deterioration. A positive correlation between hot-state temperature, strength and durability properties was 

also established. The R2 of the Feret on the test set reaches 0.967, indicating its excellent predictive performance. 

Keywords: Rice Husk, Fourier Transform Infrared Spectroscopy, Waste-created sodium silicate, Superplasticizer; 
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INTRODUCTION 
 

Material for both structural and non–structural concrete 

applications around the globe It is also known as alkali–

activated cement, inorganic polymer concrete, and geo-

cement (Agashua et al., 2023; Abdelli et al., 2017; 

Adeshokan and Arum, 2023). GPC is dual face materials 

that combine strong alkaline solutions as activator as well 

as aluminosilicate materials as binders (Agashua et al., 

2023; Obebe et al., 2023). Highly oxidize to corrosion and 

fire substances, shrinks below convectional concrete, has 

excellent durability, high compressive, tensile and flexural 

strengths. There are abundant raw materials which exist 

for the creation of geopolymers from industrial as well as 

natural minerals trashes. Besides, its synthesis process 

guzzles much less energy, particularly those created from 

industrial rubishes (Omotayo and Arum, 2022; Agashua 

and Ogbiye, 2018; Pelisser et al., 2021). The 

aluminosilicates can be sourced from numerous 

pozzolanic materials which possess ample quantities of 

silica together with alumina which are mostly rubbishes 

from industrial or agrarian debris for instances ground 

granulated blast furnace slag (GGBFS), bagasse ash (BA), 

fly ash (FA), rice husk ash (RHA), palm oil fuel ash 

(POFA) Kaolin clay and that are used to lessen 

contaminant impact from natural resources consumption 

(Abdelli et al., 2017; Phoo-ngernkham et al., 2017; 

Samantasinghar and Singh, 2020; Rui et al., 2024). This 

agronomic and industrial debris are utilized individually or 

blended to serve as the aluminosilicate source in creating 

geopolymers for sustainable construction (Samantasinghar 

and Singh, 2020). While, alkaline activators are the second 

decisive constituent of GPC needed to reacts and 

polymerizing the aluminosilicates silica together with 

alumina contents presents in the aluminosilicate (Arum et 

al., 2022; Babatola and Arum, 2020; Chouhan et al., 

2018). These are strong alkaline solutions like K2SiO3, 

(potassium silicate), NaOH (sodium hydroxide), as well as 

Na2SiO3 (sodium silicate), or combination of these 
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hydroxides and silicates for reacting aluminium (Al) as 

well as silicon (Si) atoms. More, the geopolymerization 

procedure depends solely on the reactivity together with 

concentration of alkaline activator with a lesser quantity of 

water to binder ratio (Adeshokan and Arum, 2023; Cong 

and Cheng, 2021; Dewi et al., 2018; Faluyi et al., 2021; 

Hassan et al. 2019). However, curing temperature of 

geopolymer concrete results in high early strength but 

causes a porous geopolymer mix, which reduces the 

strength at later age (Jindal and Sharma, 2020). This 

reduction in strength at greater temperatures is owing to 

early and swift evaporation of water, which not only 

disturbs the geopolymerization process, but also increases 

porosity (Shill et al., 2020). Thus, this research evaluated 

the behaviour of geopolymer concrete created via class–F 

fly ash, kaolin clay, and rice husk ash as binder and NaOH 

and Na2SiO3 as alkaline activator. 

 

Materials and process of geopolymer concrete 

Materials utilized in this experiment were river sand, 

sodium hydroxide, kaolin clay, crushed granite, factory-

created sodium silicate, Portland cement, naturally made 

sodium silicate as well as super plasticizer, and drinkable 

water. Further, the GP concrete was thoroughly mixed and 

Four sets of fly ash based geopolymer concrete was 

produced which are control concrete, Partially replaced 

GPC using factory-produced sodium silicate, Partially 

replaced GPC using laboratory-produced sodium silicate 

and GPC using laboratory-produced sodium silicate with 

laboratory-created superplaticizer (LCS) (Table 1). Then 

workability and strength test were carried out on the four 

categories of samplings created. Chemical analysis on 

selected binders (kaolin clay, fly ash and rice husk ash), 

alkaline activators (sodium silicate and sodium hydroxide) 

and geopolymer concrete were carried out in the 

laboratory of Chemical and Material as illustrated in 

Figures 1 and 2.  

 

  

 
Figure 1. I (a and b) Water curing of geopolymer 

concrete, c) Air drying of geopolymer concrete and II) 

Alkaline activator (NaOH and Na2SiO3), b) laboratory-

produced Na2SiO3  , and c) NaOH. 

 

 
Figure 2. I= a) Geopolymer concrete using each binders 

and super plasticizer separately; b) Demolding of 

different geopolymer using each binders and super 

plasticizer after 48 hours casting, and c) geopolymer 

made using optimum values obtained from each binders. 

II= a) Cement; b) laboratory-created super plasticizer 

(from rice husk) and c) Fly ash, rice husk ash as well as 

kaolin clay. 

 

Physical, strength and durability tests were done in the 

Nigerian Building and Road Research Institute (NBRRI) 

Jabi Abuja and Federal Ministry of Works (FMW), concrete and 

pavement unit Sheda Abuja.  The GP concretes were cast and 

removed from the moulds after 24 hours, and cured in 

water between 7 to 56 days. The design of geopolymer 

concrete in this research is presented in Figure 3. 

 

    

       a        b           c 
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Figure 3. Design process of geopolymer concrete. 

 

RESULTS AND DISCUSSION 

 

Outcome of Fourier transform infrared 

spectroscopy (FTIR) scrutiny 

FTIR characterization result for binders ashes is as 

displayed in Tables 2(a-c). This illustrate that the fly ash 

has highest key absorbance band at the region between 

467.9 and 3695.8 cm
−1

. Then, followed by RHA with 

extreme band of 2084 cm
-1

 and lower band of 798 cm
–1

 

and the lowest was Kaolin clay with greatest value of 3690 

cm
–1

 and lowest value of 749 cm
–1

.  Also fly ash notable 

transmittance between 7.1 and 49.9% was the extreme. 

The results of FTIR reveal that these binders possess 

different functional groups namely; alkenes, amides, 

alkenes, alkynes, acyl chloride and alky halides.  

An Amine is a type of compound that is derived from 

ammonia (NH3), that is amines are derivatives of 

ammonia. The lower aliphatic amines with a fishy smell 

are gaseous in nature. Alkynes are traditionally identified 

as acetylenes, although the term acetylene also denotes 

C2H2, which is an hydrocarbons with single and double 

carbon-carbon bonds. Fly-ash possesses majorly; 

Aluminumoxide (Al2O3) at 23.6% as well as Silicon 

dioxide (SiO2) at 52.2% and lesser quantity of Iron (III) 

oxide (Fe2O3) at 7.39%. While, kaolin clay key 

constituents were 52% of Silicon dioxide (SiO2) and 35% 

of Aluminumoxide (Al2O3) together with 2% Potassium 

oxide (K2O) which is insignificant quantity. Likewise, 

RHA shows significant amount of Silicon dioxide (SiO2) 

at 93.3% and Potassium oxide (K2O) at 3.40% with 

insignificant quantity of P2O5 at 2.1%. 

 

1) FTIR Scrutiny for Laboratory-produced 

Superplasticizer 

Fourier transform infrared spectroscopy (FTIR) 

characterization was employed to investigate the presence 

of different inorganic and organic bonds in the novel LP 

superplasticizer and the spectrum obtained is shown in 

Figure 4. Figure 4 illustrates the major absorbance band at 

the region between 500 and 3000 cm−1. The significant 

peaks which were observed at 617, 707 and 778 cm−
1
 

were attributed to O–Si–O and Si–O–Si bending vibrations 

of in situ-synthesized inorganic silicate. Although the 

intensities of their bands were low compared to those of 

other bands, their presence confirmed the in situ formation 

of sodium silicate by the action of sodium hydroxide on 

inorganic silica from rice husk. On the other hand, one 

intensified band situated at 1428 cm−
1
 was a band 

characteristic of O–C–O stretching vibrations of sodium 

carbonate, which was believed to originate due to the 

action of sodium (Na) with atmospheric carbonate. Its high 

intensity was an indication of the highly reactive nature of 

sodium to form compounds such as sodium carbonate. The 

other small diffused bands at 918–1003 and 1251 cm−
1
 

corresponded to Si–O stretching in silicate glasses and 

weak C–O stretching in native cellulose, respectively.  

 

 
Figure 4. Different vibrational modes in FTIR region 

obtained for LP superplasticizer. 

 

Some characteristic weak peaks in the LP 

superplasticizer spectrum at the frequency region of 1650 

cm−
1
 were attributed to quadrant ring stretching in lignin 

and carbonyl stretching including C=O stretching 

originating from organic fractions present in the LP 

superplasticizer, whereas small bands at 2309 and 2900 

cm−1 were associated with dCH2 + dOCH + dCCH and –

CH stretching vibrations from fructose and native 

cellulose. These results again confirmed the XRD results 

and indicated the formation of inorganic and organic 

compounds in the LP superplasticizer. Results of FTIR 

analysis demonstrated that the addition of the LP 

superplasticizer to the geopolymer concrete lowered the 

viscosity and increased the flow behavior of concrete, as 

an effect of the presence of organic fractions in the LP 

superplasticizer imparted by alkaline digestion of rice husk 

(Tutal et al., 2020; Silva et al., 2020). 
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2) XRD Scrutiny for laboratory-produced 

Superplasticizer 

The XRD spectrum of the LP superplasticizer is 

shown in Figure 5, which indicates the presence of a 

number of peaks with varying intensities.  

 
 

Figure 5. XRD spectrum of novel LP superplasticizer. 1: 

sodium hydroxide; 2: sodium silicate; 3: native cellulose; 

4: b-D-fructose; 5: phenol. 

 

The spectrum shows a broad non-symmetrical hump 

between 5.2 and 18° 1q, indicating the presence of non-

crystalline phases and the vitreous nature of the LP 

superplasticizer. In fact, the vitreous nature actively 

participated in the geopolymerization reaction and resulted 

in good mechanical strength of the geopolymeric concrete. 

The two major inorganic phases reported in the novel LP 

superplasticizer were sodium silicate (Na4SiO4) and 

sodium hydroxide. Three minor organic phases originated 

due to the action of alkali on rice husk, and these were 

native cellulose (C6H12O6)x), b-D-fructose (C6H12O6) and 

phenol (C6H6O). The action of sodium hydroxide on the 

inorganic silica present on the outer surface of rice husk 

resulted in the in situ synthesis of sodium silicate, which 

provided an intense amorphous nature to the developed LP 

superplasticizer. It is to be noted that sodium silicate acts 

as a seeding agent for geopolymerization reactions and, in 

the present study, it was synthesized in situ by the 

continuous alkaline digestion of rice husk and thus 

promoted the degree of geopolymerization reactions 

during the addition of the LP superplasticizer to the 

concrete mixture. The plasticizing effects were contributed 

by organic phases in the LP superplasticizer – namely, 

native cellulose, fructose and phenol. XRD peaks provided 

strong signals of crystalline cellulose in the LP 

superplasticizer sample, whereas the amorphous part of 

the cellulose structure is represented by a broad and less 

clear diffraction pattern. The evolution of native cellulose 

in the LP superplasticizer directly indicated the action of 

alkali on rice husk during high-temperature alkaline 

digestion. Due to the complexity of the structures of 

hemicelluloses and lignin, it is difficult to envisage the 

complete transformations and rearrangements during 

alkaline digestion of rice husk, but XRD peaks of the 

resulting inorganic and organic fractions clearly indicated 

the action of sodium hydroxide on the rice husk inorganic 

silica and organic cellulose, hemicellulose and lignin to 

produce hydrolysis products such as b-D-fructose and 

phenol in the LP superplasticizer. Furthermore, it is to be 

pointed out that the commercially available water-

reducing organic plasticizers for cement concrete systems 

perform the function of dispersants into the mixture, where 

they provide electric repulsion of positive and negative 

charges and hence the charged cement grains tend to 

separate from each other to acquire good flowability. 

 

3) Scanning electron Microscopy (SEM) of 

geopolymer materials 

SEM was carried out to study the morphology and 

microstructure of the selected samples (Obebe et al., 2023; 

Jindal and Sharma, 2020; Muhammad et al., 2019; Palcis, 

2023; Shill et al., 2020; Silva et al., 2020). Thus, a 

comparison between the microstructure of various binders 

and alkaline activator were conducted and presented in 

Figures 6 (a-c). Sodium silicate was noticed at 300 × 

894µm, 500 × 536 µm and 3000 × 268 µm and the 

pulverized RHA was crusted with a platinum coating 

before performing the experiment, so as to enhance the 

visibility problem encountered during smooth 

charge conductivity exact topographic examination. SEM 

result for RHA also confirmed the result of chemical 

configuration of RHA by XRF, where at spectrum-
1
, larger 

quantity of silicon, lesser amount of alumina and oxygen 

were perceived ascertaining the presence of a large 

quantity of silica which is in line with result of Phoo-

ngernkham, (2017) and Chouhan et al., (2018).  Figure 6a 

for various scanning level displays that most of fly ash 

particles will form strong bond with the aggregate, and an 

additional dense gel will also formed if activated. Voids 

ratio and extended micro cracks will be remarkably 

decreased because of the dense gel that filled the voids and 

micro cracks if the binders used in producing geopolymer 

concrete.  The kaolin structure has number of sheets per 

layer of about 10-50 pieces, size of 1-10 μm and huge 

quantity of quartz mineral which is the dirtiness of kaolin 

mineral. Laboratory-produced silicate will cause more 

homogeneous, compact, and finer microstructure (Figures 

6b & c), this is similar to the observation by Dewi et al., 

2018, after usage.  
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Table 1. Mix design values for FA-based geopolymer concrete 

Mix 

ID 
Molarity 

Aggregate 

(kg/m3) 
Binders (Kg) SS/SH 

Ratio 

Density 

(kg/m3) 

Water 

(liter/m3) 

Age 

(days) 

Slump 

(mm) 
Fine Coarse Cement Fly RHA KC 

A1 - 360 720 720 - -  - 2239 184.2 28 110 

A2 12 1080 2160 320 180 120 100 2.5 2252 184.7 28 112 

A3 12 1080 2160 - 360 180 180 2.5 2257 184.2 28 112 

A4 12 1080 2160 - 360 180 180 2.5 2260 187.4 28 114 

A1 is control concrete; A2 is partially replaced geopolymer concrete (GPC); A3 is GPC using factory-produced sodium silicate and A4 is GPC using 

laboratory-produced sodium silicate. SS is sodium silicate; SH is sodium hydroxide; RHA is rice husk ash and KC is kaolin clay. 

 

Table 2a. FTIR values for fly ash 

Band (cm-1) Transmittance (%) Functional group 

791.8 

1635.2 

3695-8 

3450-3 

1041-3 

912-6 

467.9 

3623-4 

27.7 

90.9 

27.4 

49.9 

7.1 

32.4 

12.2 

13.4 

Alkenes = CR’R” s = C-H bend 

Alkenes Vw-m C=C Stretch 

Amides R-C (O) – NH2, w-m N-H Symmetric and asym stretch 

Amides R-C (O) – NH2, w-m N-H Symmetric and asym stretch 

Alkyl halides, R-F Vs C-F Stretch 

Alkenes RCH = CH2,  m+ s = C-H bend 

Alkyl halides R-I, C-I  stretch 

Amides R-C (O)- NH-R , N-H stretch 
FTIR is Fourier transform infrared spectroscopy 

 

Table 2b. FTIR values for kaolin clay 

Band (cm-1) Transmittance (%) Functional group 

1982.9 

3690.1 

3623 

1114.5 

790.2 

749.2 

909.5 

998.9 

101 

75.4 

72.5 

75.2 

70.1 

68.2 

30.1 

25.0 

Alkynes R-C = C-4, medium C=C stretch 

Amines – R- NH2, N-H symmetric and asym. Stretch, weak 

Amines – R- NH2, N-H symmetric and asym. Stretch, weak 

Akyl halides R-F, very strongs, C- F stretch 

Alkenes strong, RCH = R’R C-H band. 

Alkyl halides R-CL, strong, C-CL stretch. 

Alkenes, m+s = C-H bend, RCH = CH2 

Alkenes, m+s = C-H bend, RCH = CH2 
FTIR is Fourier transform infrared spectroscopy and RHA is rice husk ash 

 

Table 2c. FTIR values for RHA 

Band (cm-1) Transmittance (%) Functional group 

2083.6 

1982.9 

1848.8 

797.7 

1058.6 

98.2 

98.0 

97.9 

89.7 

62.4 

Alkynes R-C = C-H, medium, C= stretch 

Alkynes R-C = C-H, medium, C= stretch 

Acyl chlorides Ar – C(0) – Cl, C- 0 stretch 

Alkyl halides intensity, strong, C-CL stretch 

Alkyl halides intensity, very strong, C-CF stretch 

 FTIR is Fourier transform infrared spectroscopy 

 

 
Figure 6. a) Morphology of fly ash; b) morphology of kaolin observed; c & d) SEM imageries of laboratory-created 

superplasticizer at four varied displaying the presence of extremely unstructured sodium silicate gel together with unoxidize 

sodium hydroxide. 
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The outcomes of the SEM and FTIR scrutinizes also 

support the SEM scrutiny. 

4) SEM analysis on hardened concrete 

SEM was carried out on hardened concrete cured by 

immersion in 5% sodium sulphate + 5% magnesium 

sulphate, 5% sodium chloride, 5% sodium sulphate, 3% 

sulphuric acid and water at 90 days. Comparison between 

the morphology and microstructure of various immersion 

were presented in Figures 5-7. Atomic concentrations of 

geopolymer concrete immersed in water and sodium 

sulphate solution.shows 61.39% and 39.99% respectively 

for water and sodium sulphate immersion respectively for 

silicon content, while weight concentration for silicon 

content also confirm water at 56.31% as highest values, 

followed by sodium chloride value of 35.27% and least 

values for both atomic and weight concentration was 

sulphuric acid immersion with 32.93 and 28.24% 

respectively (Figures 7 & 8).  

Aluminium content followed trend of sodium chloride 

(22.13% and 18.78%) as the extreme level, and sodium 

sulphate at 21.96% and 18.57% for both atomic and 

weight concentration measurement. The lowest immersion 

level was water (16.37%) and sulphuric acid (13.98%) for 

atomic and weight concentration respectively. Both atomic 

and weight concentration measurement for calcium 

content reveals highest values of 23.52% and 28.78% for 

sodium chloride immersion and 22.67% and 27.98% 

(sodium + magnesium sulphate) immersion, whereas water 

immersion has the least values 10.96% and 14.35%.But 

iron content highest values noticed from atomic 

measurement analysis was sulphuric acid (8.15%) and 

sodium + magnesium sulphate (6.32%), also weight 

concentration followed the same pattern of 1  0.86% 

(sodium + magnesium sulphate) as the greatest value but 

next as sodium chloride at 8.66%, while both 

concentration scrutiny displayed lowest value of 10.96% 

and 14.35% respectively for sulphuric acid immersion. 

SEM analysis on binders was used to ascertain if the 

selected binders are pozzolans or not; while on alkaline 

activators is to differentiate the impact of alkaline elements 

on various compositions of the alkali-activated flyash GPC. 

SEM on binders materials revealed that each binder have 

Silicon dioxide (SiO2), Aluminumoxide (Al2O3), and iron 

(III) oxide calcium as vital materials and lesser amount of 

K2O, Fe2O3, TiO2, MgO and SO3, which ascertain that the 

three binders are pozzolans.Whereas, SEM on hardened 

concrete was employed so as to know microstructure and 

durability characteristics of geopolymers concrete after 

immersion inside 5 different chemicals and water. 

Similarly, SEM on hardened concrete at 90 days shows 

that various chemicals used has little or no effect on 

pozzolanic contents and other materials in the fly ash-

based geopolymer, but greatly affected by water 

immersion. Furthermore, the outcome of durability impact 

on the hardened concrete shows that various chemicals 

used has little or no effect pozzolanic contents and other 

materials in the fly ash-based geopolymer, but greatly 

affected by water immersion i.e water immersion 

decreases the geopolymer contents. Similarly, these 

outcomes also confirm tremendous improvement observed 

in the values of flexural , compressive and split tensile 

strength of geopolymer concrete immersed in 4 different 

chemicals, while water was the least. These verdicts are in 

agreement with the result of silicon, alumina, calcium and 

iron as resolute by Adbelli et al., (2017); Omotayo and 

Arum, (2023); Samantasinghar and Singh, (2020); Rui et 

al., (2024) and Arum et al., (2022). 

 

  
 

  
 

 
Figure 7. Outcome of GPC cured in (a)acid, (b) chloride  

and (c) water, (d) sulphate, and (e) magnesium immersion 

at 90 days.  

a b 

c d 

e 
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Figure  8. Outcome of SEM: a) Atomic concentration, 

and b) Weight concwntration at 90 days. 

 

5) Outcome of partially replacement compressive 

experiment 

The compressive strength results for the various 

partially replaced geopolymer concrete are shown in 

Figures 9 and 10. The result shows that activation of 

cement based geopolymer reduces the compressive 

strength with increase in the percentage of cement with 

binders. However at 56 days, 7.5% partial replacement 

met the target strength of 1:1:5:3 mix ratio.Similarly, the 

compressive strength of the cement based geopolymer 

activated with 5% sodium silicate to reduce as the 

percentage of the binder increases.  It is also observed that 

with the increase in the sodium silicate procured (i.e from 

2.5% to 5% Na2SiO3), there was a gross increase in the 

compressive strength which led to the optimum percentage  

replacement to move from 7.5% to 12.5%. This indicate 

that the more the percentage addition of sodium silicate, 

the better the compressive strength for all the percentage 

replacement. The decrement in the compressive strength 

of the partially replaced fly ash-RHA geopolymer concrete 

owing to an imbalance of the Al/Si quotient, as binders 

contains slight quantity of alumina (Arum et al. 2022). On 

the other hand, there could be an issue of dissolution of the 

silica extant in binders owing to lesser sodium hydroxide 

molar concentration as well as low temperature conditions 

of roughly 22–23 °C which would have stalled the poly-

condensation deeds of amorphous alumino-silicate GP 

products (Agashua et al., 2023; Phoo-ngernkham et al., 

2017; Samantasinghar and Singh, 2020; Jindal and 

Sharma, 2020). 

 

6) Outcome of total replacement compressive 

experiment 

The result of the compressive strength at different 

days for the total replacement  geopolymer concrete made 

from naturally made and procured sodium silicate are 

shown in Figures 11 and 12. Figures 10 and 11 shows that 

the naturally made sodium silicate increases the 

compressive strength as the temperature increases, with 

the optimum temperature of 70
0
C. The average 

compressive strength obtained at 70
0
C for the naturally 

made sodium silicate is 37.43N/mm
2
, which is 273.21% 

percentage increment when compared with the control 

with the compressive strength of 13.7N/mm
2
. 

Furthermore, the result of the procured sodium silicate 

shows an increment in the compressive strength of the 

geopolymer concrete as the temperature increases, even 

throughout the temperature variation from 25
0
C to 80

0
C. 

The average compressive strength obtained at 80
0
C for the 

procured sodium silicate is 31.03N/mm
2
, which is 226.5% 

percentage increment percentage increment when 

compared with the control with the compressive strength 

of 13.7N/mm
2
. This is an indication that both the natural 

and the procured sodium silicate enhance the compressive 

strength of geopolymer concrete even more than double 

the control values. The behavior of the sodium silicate 

either procured or naturally made can probably be traced 

to the present aluminosilicates in the binders, which they 

help to polymerized. Similar result has also be reported in 

the literature that, addition of silicate source as an 

activator blended with hydroxide source will promote the 

condensation process of GPC (Adeshokan and Arum, 

2023; Muhammad et al., 2019; Silva et al., 2020). The 

geopolymer concrete consists of super plasticizer (1.5%) 

and optimum of various binders i.e 5% FA + 7.5% KC + 

10% RHA + aggregate + water at 7 and 14 days crushing 

for naturally made sodium silicate. The result shows that 

the naturally made sodium silicate increases the 

compressive strength as the curing tempature increases, 

with the optimum temperature still at 70
0
C. The average 

compressive strength obtained for 7 days at 70
0
C for the 

naturally made sodium silicate is 37.43N/mm
2
, which gave 

248.54% percentage increment when compared with the 

14 days compressive strength of 93.03N/mm
2
. The result 

indicates that the compressive strength of geopolymer 

concrete is a function of the curing days as well as curing 

temperature. The development of compressive strength at 

the various days was affected by the addition of the 

superplasticizer.  However, the usage of superplasticizer 

a 

b 

https://www.sciencedirect.com/topics/materials-science/aluminosilicates
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on the concrete strength must be limited to 1.5 because 

literature proves it that the optimum amount of 

superplasticizer is 1.5 (Omotayo and Arum, 2022; 

Muhammad et al., 2020; Palcis, 2023; Dewi et al., 2018). 

 

 
Figure 9. Compressive strength of partially replaced cement geopolymer concrete at different aging periods with 2.5% 

Na2SiO3. 

 

 
Figure 10. Compressive strength of partially replaced cement geopolymer concrete at different aging periods with 

5%Na2SiO3.  

 

 
Figure 11. Optimum of Compressive strength at 28 days for various hot temperature. (Na: Naturally made sodium silicate; 

Bt: Purchased sodium silicate; CS: compressive strength). 
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Figure 12. Compressive strength analysis outcome of varying temperature for 7 and 14 days (CS7: compressive strength at 7 

days; CS14: compressive strength at 14 days) 

 

 
Figure 13.  Split tensile strength test for activated fly ash based geopolymer. 

 

 
Figure 14.  Split tensile strength test for activated fly ash based geopolymer. GPC = geopolymer concrete. 
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7) Outcome of split tensile strength analysis 

The result of split tensile strength for the various 

partially and totally replaced geopolymer concrete are 

shown in Figures 13 and 14. Figure 13 demonstrated 

reduction in split tensile strength values as percentage 

replacement is increasing. While, as days increases totally 

replaced GP concrete increases as shown in Figure 14. 

Also, the outcome of totally replaced under differ different 

curing conditions displays that there is substantial 

increment on geopolymer concrete from naturally made 

sodium silicate with 1.1% percentage increment compared 

with control value of 0.87N/mm
2
 at 7 days. Hence, using 

combine binders such as, kaolin clay and RHA to activate 

fly ash geopolymer substantially enhanced the totally 

replaced geopolymer concrete splitting tensile strength 

compared with partially replaced. Similar to compressive 

strength values, naturally made sodium silicate achieved 

higher splitting tensile strength values at different days of 

various hot-curing. It was ascertain from the experimental 

data that the indirect tensile values are at extreme 

compared to OPC for the mixes containing exact or 

beyong 30% replacement of cement with FA- KC - RHA. 

It was apparent that fly ash -RHA blended GPC specimens 

required at least of 13 h oven curing at 70
0
C temperatures 

(Bellium et al., 2019; Sing, 2018). Also, with the extra 

little quantities of Kaolin clay to FA–RHA based GPC, the 

oven curing can be avoided, and the desired strength, 

though below oven curing can be attained at ambient 

curing circumstances. It is evident that the increases of 

RHA content in the mixes the strength values were also 

increasing (Adeshokan and Arum, 2023; Obebe et al., 

2023; Omotayo and Arum, 2022; Agashua and Ogbiye, 

2018; Pelisser et al., 2021; Palcis, 2023). The highest 

splitting tensile strength was recorded when using GPC 

with 7.5% kaolin clay and 10% RHA with 5% fly ash 

content. Palcis (2023) had the same conclusion for Fly-ash 

based GPC.  

 

8) Porosity and sorptivity for optimum 

laboratory/factory produced with superplasticizer  

The outcome of porosity and sorptivity test for 

optimum laboratory/Factory produced with 

superplasticizer is presented in Figures 15 and 16. Figure 

15 reveals 5.2% and 4.7% at 70
0
C as the highest and 2.6% 

and 2.0% at 25
0
C as the lowest porosity values for 

laboratory and factory -produced sodium silicate GPC 

respectively. Whereas control highest value at 70
0
C was 

2.8% and least value of 1.34% at 25
0
C. As temperature 

increases, porosity values both laboratory and factory-

produced sodium silicate GPC enhanced, but reduce after 

70
0
C.  

a
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Figure 15. a) Varying temperature vs absorption, 

b).Absorption vs control of laboratory/factory-created 

sodium silicate. 

 

a  

 

b

Figure 16. a) Sorptivity outcome of varying temperature 

and b) Outcome of varying temperature for optimum 

absorption level. 
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Sorptivity test (Figures 16) at initial time of 0.5min 

has the least water absorption values of 0.169019% and 

0.044513%, and highest water absorption values of 

1.487628% and 0.798575% at 1440mins for laboratory 

and factory-produced sodium silicate GPC respectively. 

As the time enhanced, absorption values also increases for 

both concrete. These results is in agreement with the 

totally replaced strength analysis result, which shows that 

as temperature enhances, GPC concrete strength amplifies. 

Pelisser et al., (2021), Cong and Cheng, (2021), and Dewi 

et al., (2018) had the same supposition for Fly-ash based 

GPC. 

 

9) FA-based geopolymer concrete model 

formular 

Two (Feret and Abram) models were utilized for the 

mixture proportion of concrete method and the outcome 

are display in Figures 17 and 18. P values, determination 

coefficient R
2
, correlation coefficient R and the standard 

error are estimated so as to ascertain the accuracy of the 

Feret and regression model. Besides, there is need to 

known whether the variables are correlated and they are 

abridged in Table 3. 

Regression analysis was done on the modified models 

to find the empirical constant of the best fit equation with 

a extreme R
2
 values and lowest loss function. Data pre-

processing or normalization was carried out also, because 

the dataset has input values with varied scales. Thus, this 

approach accurately ascertains the minimum as well as 

maximum noticeable values, since redundant predictors 

can alter models precision and lead to unreliable 

predictions. Besides,  the relation expressed formular from 

modified model used are represented in (Eqn 1 – 2).  Eqn 

(1) was generalized from number of specimens (A, B, C, 

D and E) i.e independent variable, which are correlated to 

the Y (dependent variable). Thus, the correlation (Table 4) 

can tbe ascertain as diverse sets of experimental data 

points (dependent variables - Y1 to Y15) and (independent 

variable: A (A1 to A15), B (B1 to B15), C (C1 to C15), D (D1 

to D15) and E (E1 and E15). Whereas, constant K (K1, K2, 

K3, K4 and K5) are proportionality coefficients between 

diverse Y and A - E values. 

The resulting 28 days strength prediction model for 

flyash-based GPC mixes are summarized by the Eqn (2) 

 

𝑌 = [𝐾1 (𝐴)ᴺ1]𝑥 [𝐾2 (𝐵)ᴺ2]𝑥 [𝐾3 (𝐶)ᴺ3] 𝑥 

 [𝐾4 (𝐷)ᴺ4]𝑥 [𝐾5 (𝐸)ᴺ5]                                                              (1)  

 

28 days =  −125.73 +  0.709 (7 days) +  0.0324b +  0.056d    (2) 

 

Where; d is density and b is binders (such as cement, 

flyash, rice husk ash and kaolin clay), Y is dependent 

variables, A to E is independent variables. 

These models predicts compressive strength of 

conventional concrete from the concentration of cement in 

cement paste, which also include maximum paste 

thickness around aggregate particles and the effect of age 

of conventional concrete. Experimental results indicated 

that there is a strong relationship between the compressive 

strength of geopolymer concrete and the geopolymer 

binder concentration.  

 

A) FA-based geopolymer concrete prediction 

process 

As recommended by previous researcher such as 

Chouhan et al., (2018), Palcis, (2023) and Silva et al., 

(2020), the predictive performance of the Feret and Abram 

model is measured using the Mean Absolute Error (MAE), 

Mean Absolute Percentage Error (MAPE), Root Mean 

Squared Error (RMSE), Forecast Bias (B), and coefficient 

of determination (R
2
) metrics.  The coefficient of 

determination (R
2
), which is calculated using Equations (3 

and 4), and others through (Equations 5-7), are popular 

metric for evaluating models.  

 

𝑅2 = 1 − [∑ⁿᵢ=1 (𝑦ᵢ − 𝑡ᵢ)2 ÷ ∑ⁿᵢ=1 (𝑡ᵢ −  ťᵢ)2]                                       (3) 

 

𝑅2 = 1 − {∑ᴺᵢ=1 (𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑ᵢ − 𝐴𝑐𝑡𝑢𝑎𝑙ᵢ)2}

− {∑ᴺᵢ=1(𝐴𝑐𝑡𝑢𝑎𝑙ᵢ −  𝐴𝑐𝑡𝑢𝑎𝑙)2}                (4) 

 

Where, Predicted i signifies the anticipated strength 

of ith sample, Actuali symbolizes the actual strength of ith 

sample and Actual exemplifies the mean of all samplings’ 

actual strength. 

 

n is the number of specimens, ti signifies observed 

outcomes, yi means projected outcomes, ťi is the sampling 

mean (i.e., 𝑡 =  ∑ⁿᵢ=1 𝑡/𝑛). 

 

𝑀𝐴𝑃𝐸 =
1

𝑁
  ∑ᴺᵢ=1  {|(Actualᵢ − Predictedᵢ)  ÷ Actualᵢ}| x 100%   (5) 

𝑅𝑀𝑆𝐸 = {√
1

𝑁
 ∑ⁿᵢ₌₁ (𝐴𝑐𝑡𝑢𝑎𝑙ᵢ     −  𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑖𝑜𝑛ᵢ)²                 (6) 
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Table 3. FA-based GPC statistical analysis output 

 
Regression 

Statistics 
Parameters Coefficient P-Value 

Multiple R 0.99 Intercept  b0 -125.7 0.00031 

R2 0.97 7 days CS X1 b1 0.71 0.00011 

Adjusted R2 0.96 Binders X2 b2 0.032 0.0133 

Standard Error 1.58 Density X3 b3 0.056 0.00021 

Observations 94      

ANOVA df SS SH F Significance  

Regression 3 3437.704 1145.65 455.65 0.0000 

Residual 23 55.251 2.513   

Total 26 3492.951    

Style of silica, Alumina together with ratio of Al/si and Ca/(Si + Al) 

Combination SiO2 Al2O3 mol Al/Si Ca/(Si + Al) 

A+B+C (1) 0.87 0.24 0.28 0.20 

B+C+D (2) 0.83 0.23 0.28 0.35 

C+D+E (3) 0.78 0.23 0.29 0.32 

D+E+F ($) 0.74 0.22 0.30 0.40 

Highpoints of the regression equations of the various experimental specimens. 

Classification of Mol samples   Linear regression equation 

Al/Si, Correction Coefficient = 0.97 (12M, 7 days)  y = 19.18 + 11.11x 

Al/Si, Corr. Coef = 0.98 (12M, 28 days)  y = 15.10 + 7.57x 

Statistical parameters and errors encounter during forecasting of the required Emprical model 

Models MAE RMSE R2 Bias 

Feret 2.392 ± 0.21 3.459 ± 0.35 0.959 ± 0.01 0.648 ± 0.47 

Abram 2.343 ± 0.26 3.854 ± 0.50 0.957 ±0.01 0.139 ± 0.18 

SS is sodium silicate; SH is sodium hydroxide and Mol is molarity, MAE is mean absolute error and RMSE is the root mean square error. 

 

 
Figure 17. Experimental and forecasted values for compressive strength scrutiny: a) training and b) validation set values at 

various curing temperature.  

 

https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click on image to zoom&p=PMC3&id=7956343_materials-14-01106-g005.jpg
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Figure 18. a) Model prediction cluster quality; b) independence vs dependence variable at various curing temperature. 

LP=Laboratory produce); FP=Factory produced. 

 
Table 4. Dependent and independent variables (laboratory- produced GPC) 

Sample 

ID 

Various 

days 

Control 250C 400C 600C 700C 800C 

Y (dependent) A (Independent) 
B 

Independent) 

C 

(Independent) 

D 

(Independent) 

E 

(Independent) 

A ST7a Y1(0.87) A1 (0.92) B1(0.93) C1 (0.94) D1(0.96) E1(0.94) 

A ST7b Y2 (0.86) A2 (0.91) B2 (0.94) C2 (0.94) D2(0.97) E2(0.92) 

A ST7c Y3 (0.86) A3 (0.93) B3 (0.93) C3 (0.95) D3 (0.96) E3 (0.93) 

B ST14a Y4 (1.65) A4 (2.02) B4 (2.04) C4(2.07) D4 (2.15) E4 (2.09) 

B ST14b Y5 (1.65) A5 (2.02) B5 (2.05) C5 (209) D5 (2.14) E5 (2.08) 

B ST14c Y6 (1.66) A6 (2.03) B6 (2.04) C6(2.08) D6 (2.16) E6 (2.07) 

C ST21a Y7 (1.69) A7 (2.23) B7 (2.25) C7(2.28) D7 (2.32) E7 (2.12) 

C ST21b Y8 (1.68) A8 (2.24) B8 (2.26) C8 (2.29) D8 (2.31) E8 (2.20) 

C ST21c Y9 (1.69) A9 (2.22) B9 (2.25) C9 (2.27) D9 (2.33) E9 (2.19) 

D ST28a Y10 (1.73) A10 (2.35) B10(2.37) C10 (2.39) D10 (2.40) E10 (2.21) 

D ST28b Y11 (1.72) A11 (2.36) B11(2.38) C11 (2.4) D11 (2.43) E11 (2.19) 

D ST28c Y12 (1.73) A12 (2.34) B12(2.38 C12 (2.42) D12 (2.44) E12 (2.18) 

E ST56a Y13 (3.33) A13 (3.31) B13(3.34 C13 (3.41) D13 (3.91) E13 (3.02) 

E ST56b Y14 (3.34) A14 (3.30) B14(3.36 C14 (3.42) D14 (3.90) E14 (3.04) 

E ST56c Y15 (3.36) A15 (3.29) B15(3.35 C15 (3.43) D15 (3.92) E15 (3.03) 

 

𝑀𝐴𝐸 =
1

𝑁
 ∑ᴺᵢ=ᵢ |𝐴𝑐𝑡𝑢𝑎𝑙ᵢ − 𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑ᵢ|             (7) 

The value of R
2
 is not up to 1 with 1 signifying model 

perfect fit. The horizontal axis is the observed strength and 

the vertical axis symbolizes the strength anticipated by the 

Feret model. In all, the data points that were clustered near 

the diagonal line for both test as well as training sets, 

demonstrating that the model provides precise values of 

the compressive strength (Figure 17a).  Further, series of 

machine learning predictive models were then employed 

to predict the compressive strength of geopolymer 

concrete with laboratory-produced sodium silicate and 

hydroxide alkaline as activator (Figure 17b). These 

regression predictive techniques were divided into three 

main categories which are trees, Gaussian and Support 

Vector Machine techniques together with linear regression 

using the regression learner application in Mathlab version 

2022. Their performance were also rated using the Root 

Mean Square Error (RMSE), Mean Square Error (MSE), 

Mean Absolute Error (MAE) and R-square error indices, 

the lower the result of these performance indices. Figure 

17c shows that the difference between the true and 



Agashua et al., 2024 

260 

predicted was minimal for all except one of the plot which 

shows good predictive returns. Likewise, more of the 

errors are close to the zero residual line, showing positive 

returns in error minimization and good predictive 

performances. It is perceived that the anticipated 

formulation gives close results to the experimental data 

and the usage of alkali solution ratios in the creation of 

geopolymer concrete enhances the calculated values 

statistically. 

 

B) Performance, void ratio, extended micro cracks 

and reliability impact of FA-based geopolymer concrete 

The performance of flyash-RHA based GPC can be 

improve through addition of moderate amount of kaolin 

clay and 1.5% laboratory produced superplasticizer, so as 

to solve problem of hot curing and workability issues 

associated with it. For this type of flyash-RHA 

geopolymer concrete (FRGPC), the workability enhanced 

from the production to the concrete placement time and 

minimal slump loss ensued over 2 hours (in contrast with 

ordinary Portland cement (OPC) concrete. Besides, with 

strain gauge embedded techniques there is little initial in 

situ expansion and tensile stain growth till 14 day. But at 

90 days OPC concrete cracked but FRGPC concrete 

remain uncracked. This behavior can be as a result of 

higher tensile strain capability of FRGPC than OPC 

concrete created through higher creep and lesser elastic 

modulus. Reliability of the expected performance of 

flyash-RHA GPC is evaluated through various 

methodologies based on Ferret, linear regression and 

specialized reliability software package. Reliability 

methodologies that were considered comprised full 

coupling with an Feret and Abram modified equations and 

surface response centered approaches together with first 

order reliability techniques or importance sampling 

approach. 

 

C) Geopolymerization, thermal conductivity and 

stability of FA-based geopolymer concrete 

Flyash-RHA based GPC have unveiled significant 

resistance to higher temperatures with addition of 

moderate amount of kaolin during production, as verified 

in the laboratory against cracking, durability and strength 

degradation. At optimum curing temperature of 60
o
C for 

metakaolin based geopolymers shows the best mechanical 

and physical properties. This is an indication that below or 

above 60
o
C curing temperature greatly affect metakaolin 

based geopolymers adversely. While, FRGPC activated 

with pure kaolin trend is as curing days increases both 

factory-produced and laboratory-produced geopolymer 

concrete increases, with the optimum temperature at 70
0
C. 

Also, Thermal conductivity (k-value) which is a material's 

property that ascertains its heat conduction ability reveals 

that FA-RHA based GPC was below that of control (OPC) 

concrete. So as to simulate heat transfer via the GPC, the 

thermal diffusivity was computed, via 500 × 500 mm OPC 

as control and flyash-RHA GPC (partial and pure GPC). 

The outcome shown an extremely small thermal 

conductivities of 100% laboratory-created sodium silicate 

fly ashes- RHA geopolymer (LCSSFRGP) concrete, 

ranging from 0.048 to 0.087 W/mK, advocate for a 

possible usage of LCSSFRGP for thermal insulation, for 

instance fireproofing materials. Besides, witnessed results 

proved that the thermal conductivity of LCSSFRGP 

concrete almost linearly reduced as cement content 

increased whereas the discrepancy of thermal conductivity 

of LCSSFRGP concrete caused by ambient temperature 

was relatively low. Furthermore, the thermal conductivity 

of LCSSFRGP concrete was lesser than that of factory-

created geopolymer concrete.  

Flyash-RHA GPC can considerably enhance the 

thermal stability of geopolymers, i.e with optimum of 

various binders of 5% FA + 7.5% KC + 10% RHA + 1.5% 

superplasticizer aggregate + water, the better thermal 

stability were between 700
0
C to 900

0
C. 

 

CONCLUSION 

 

This research discusses experimental studies of locally 

made super-plasticizer geopolymer concrete. SEM and 

FTIR reveal clearly that all the binders selected have 

calcium, alumina and silica as vital materials and others in 

lesser quantities. Strength test for partially replaced 

cement GPC at different curing days up to 56 days, 

signifies that up to 10% replacement of other binders the 

compressive strength increases. While optimum for 

naturally made super plasticizer were  1.5% and various 

binders as  5% FA + 7.5% KC + 10% RHA + aggregate + 

water for both naturally made and readymade sodium 

silicate.  The result also shows that as hot temperature 

increases both compressive strength increases, while the 

weight of GPC was decreases till 70
0
C. There is reduction 

in split tensile strength values as percentage replacement is 

increasing, but for totally replaced GP as days increases 

split tensile strength values increases. This indicate that 

the more the percentage addition of sodium silicate, the 

better the strength for total percentage replacement. 

Likewise, durability impact on the hardened concrete 

shows that various chemicals used except water has little 

or no effect on pozzolanic contents and other materials in 
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the fly ash-based geopolymer, It can be concluded that 

geopolymer concrete made from rice husk ash, fly ash and 

kaolin clay with combination of alkaline activator from 

both natural and factory-produced sodium silicate are good 

material for high performance concrete. Finally, linear 

regression, Feret and Abrams modeling shows that the 

difference between the true and predicted was minimal, 

which indicate good predictive returns. 
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ABSTRACT  

The Namibian people, particularly, those living within the Iishana system, which is a subset of the Cuvelai Basin, 

often encounter recurrent floods and droughts. After each rainy season, the Iishana system dries up gradually, hence, 

water for both agriculture and potable purposes becomes crucial. With the anticipated new water infrastructural 

development and rehabilitation of existing ones, it will be necessary to ascertain the water demand of the rural 

population, for the quantification of the supply potential to improve water availability. This study adopts historical 

water consumption per capita recommended within the Iishana system to determine the rural population demand. 

Considering a thirty years’ population projection, the water demand of the Iishana system is properly estimated. 

Moreover, the historical hydrological dataset daily data for the period 2012-2021 was used for the analysis. The 

current demand is estimated at 2,479 cubic meters per day. The projections of water demand for the rural population 

for 2033, 2043, and 2053 are 0.9, 0.5, and 0.1 Mm3/year, respectively.  More so, the surface water resource potential 

of the system is estimated at an average of 300 mm/year. The region loses more water through evaporation than it 

receives in the wet season. Around 2500 mm of water evaporates from the surface annually, giving a water deficit of 

2200 mm/year. The region's flat, shallow landscape, high evaporation rate, and the inadequacy of infrastructure 

have made the area vulnerable in terms of water security for both agricultural and potable purposes, resulting in 

droughts after the rainy season. With these findings, it is recommended to build water infrastructures within the 

region to improve the well-being and livelihood of rural communities.   

Keywords: Water demand, Water supply, Rural population, Per capita demand, Iishana system, Namibia 
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INTRODUCTION 
 

Water is a finite and vulnerable resource, vital to sustain 

life, development, and the environment, and should be 

recognized as an economic good, according to the Dublin 

principles (Mays, 2011). Water has evolved into a highly 

intricate commodity as it has been subjected to the 

principle of supply and demand. While planning a water 

supply scheme, water demand is assessed, to know the 

quantity of water required for an area (Basak, 2003).    

The challenges associated with a water supply and its 

management have become a vital concern. Due to 

increased population growth, complimented by climate 

change, the water demand has increased, putting more 

pressure on the limited available water resources. Water 

shortage, access to clean water, and sanitation have meant 

that water planners must balance finite water resources 

among domestic, agricultural, and ecosystem uses (United 

Nations-Water, 2018). To attain this, the full integration of  

water supplies, water quality, and environmental 

considerations must be necessitated (World Bank, 2022).   

The estimation of water demand is very complex and 

intense. (MAWF, 2014) stated the various mathematical 

models that are, however, utilized for predicting future 

water demand. These include extrapolating historical 

trends, using simulation modelling, or correlating demand 

with socio-economic factors. These methods differ in 

complexity based on the number of criteria considered and 

how extensively water users are broken down by sectors, 

geographical location, season, or other variables (MAWF, 

2014).  
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https://orcid.org/0009-0004-7169-1117
https://orcid.org/0000-0002-6902-2617
https://orcid.org/0000-0002-5737-8384
https://orcid.org/0000-0002-9686-1918
https://orcid.org/0000-0003-4401-6613
https://orcid.org/0000-0003-0878-5036
https://orcid.org/0000-0002-1951-2503
https://orcid.org/
https://orcid.org/0000-0003-0397-4225


Eino et al., 2024 

264 

With anticipated new water infrastructural 

development and rehabilitation of existing ones, it is 

necessary to ascertain the water demand of the rural 

population within the Iishana system, to quantify the 

supply potential to increase water availability. This study 

focuses on giving the balance between water demand and 

supply in terms of surplus/deficit to per capita demand.   

 

MATERIALS AND METHODS 

 

Study area 

The study area shown in Figure 1 is located within 

southern Angola and north-central parts of Namibia. It has 

a coverage area of 18,370 km
2
 (47.4% in Angola and 

52.6% in Namibia). The rural area covers 9,516 km
2
 and 

has a total current rural population of 61,969. The region 

is complex, where water availability depends on annual 

rainfall, temperature, and recurrent flooding, which 

replenish the shallow ephemeral river streams, locally 

known as Iishana (plural) or Oshana (singular), and 

recharge groundwater (Mendelsohn & Weber, 2011).   

 

 
Figure 1. The study area of the Iishana system 

 

Procedures for forecasting population  

To compute the available population 3 previous 

decades' populations were considered. The population 

record is obtained from the official census records. 

Governments usually conduct these official surveys, 

known as censuses, every 10 years. To evaluate the total 

population numbers of the study area, the first step is to 

calculate the population for each region. Figure 2 shows 

the regional zones of the Iishana system. The second step 

is to use the population density for each region to calculate 

the population in each area, and then the totals are 

summed to get the overall population numbers. The rural 

population in 2023 and the preceding three decades is 

calculated by subtracting the urban population from the 

total population numbers (refer to Table 1). Figure 3 

depicts the towns within the Iishana system.  

The future population for the next 3 decades was 

consequently calculated based on the rural population in 

2023 and the past 3 decades. To predict probable future 

populations different methods are available. While none of 

these methods are entirely precise and are all founded on 

probability laws, they can provide only approximate 

projections for future populations. The selection of a 

particular methodology for a given area relies heavily on 

the factors that are considered within such approaches. 

The decision ultimately rests on the designer's discretion 

and acumen. The Arithmetical Increase Method, 

Geometrical Increase Method, Incremental Increase 

Method, and Decreasing Rate of Growth Method were 

considered in this study and are explained in detail below 

(Basak, 2003). 

 

 
Figure 2. Regional zones of the Iishana system 

 

Table 1. Urban population within the Iishana system 

(Census, 1991, 2011, 2023) 

Urban Area (ha) 2023 2011 2001 1991 

Okahao 599 4,519 1,665 * * 

Oshikuku 792 5,499 2,761 * * 

Outapi 2,768 13,671 6,437 2640 * 

Tsandi 703 2,595 * * * 

Ongwediva 4,182 27,784 20,260 10,742 6,197 

Oshakati 5,630 58,696 36,541 28,255 21,603 

Total 14,675 112,764 67,664 41,637 27,800 

* These areas are not yet proclaimed as urban. 

                    

Arithmetical increase method  

In this method, it is assumed that the population 

increases at a constant rate. The average population 

increase is calculated based on the records from past 
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decades. This average is then added to the present 

population and the population of successive decades to 

obtain the projected population. The population predicted 

by this method is the lowest among all forecasting 

methods. The forecasted population (𝑃𝑛) after ‘n’ decades 

from the last known census can be calculated using the 

following (Eq. 1):  

𝑃𝑛 = 𝑃0 + 𝑛𝑥̅                                                           (1)  

Where: 𝑃0 is the population at the last known census, 

𝑥̅ is the arithmetic mean of population increase in the 

known decades, and 𝑛  is the number of decades between 

the last census and the future.  

 

Geometrical increase method 

In this method, it is assumed that the percentage 

increase in population remains constant. The percentage 

increase is calculated from available census records. 

Subsequently, the population of future decades is 

estimated using this percentage increase. This method 

yields the highest predicted population of all. The 

forecasted population (𝑃𝑛) after 'n' decades is given by 

(Eq.2):      

𝑃𝑛 = 𝑃0 (1 +
𝑟

100
)

𝑛

                                                (2)  

Where: 𝑃0 is the population at the last known census, 

𝑟 is the probable rate of population increase per year (%)  

 

Incremental increase method 

In this method, the average population increase is 

calculated using the arithmetic increase method. Then, the 

average incremental increase is calculated. Finally, both 

averages are combined to project the population in future 

decades. The population predicted by this method falls 

between the predictions of the arithmetic increase method 

and the geometrical increase method. The population after 

"n" decades from the last known census is given by (Eq.3):  

 

𝑃𝑛 = 𝑃0 + 𝑙𝑎 + 𝑛𝑙𝑐                                                  (3) 

Where: 𝑃0 is the population at the last known census, 

𝑙𝑎 is the average Arithmetical increase, 𝑙𝑐 is the average 

Incremental increase.  

 

Decreasing rate of growth method 

The growth of life is limited. At times, growth starts 

off fast and then slows down. To calculate this, the 

average decrease in percentage increase is determined and 

subtracted from the percentage increase of each following 

decade. This average is then used to predict the population 

of the following decades (Eq. 4). 

𝑃𝑛 = 𝑃0 + (
𝑟−𝑟1

100
) × 𝑃0                                            (4) 

Where: 𝑃0 is the population at the last known census, 

𝑟 is the population increase for the last census (%), 𝑟1 is 

the decrease in the percentage increase in population.  

 

Procedures for calculating water demand  

Water demand for domestic use 

Water demand for domestic is the water consumed in 

residential houses for drinking, cooking, bathing, 

sanitation, and gardening, and depends mainly on living 

conditions (Mays, 2011). Using the adopted historical 

water consumption per capita of 40l/c/d for the Iishana 

system (MAWF, 2014), the domestic water demand is 

determined, successfully. The theoretical demand for 

water was calculated by multiplying the projected rural 

population by the individual domestic consumption.  

Water demand for livestock 

Livestock demand is water required for livestock 

drinking and depends on the age, stock size, and climatic 

conditions (Mays, 2011). On average, Large Stock Unit 

(LSU), including cattle, donkeys, or horses, consume 

about 45 liters/stock unit/day (MAWF, 2014). The 

livestock demand was computed by multiplying the 

livestock figure with the appropriate water consumption. 

Livestock numbers for the study area are calculated based 

on the carrying capacity of the rural areas at 10 ha/LSU 

(MAWF, 2014). 

Water provision procedures 

Water provision was determined based on the 

historical hydrological dataset daily data for the period 

2012-2021, obtained from  (SASSCAL WeatherNet). The 

study considered the Okalongo, Mahenene, Omafo, and 

Ogongo weather stations within the Iishana system, as 

depicted in Figure 3. 

 

 
Figure 3. Weather stations within the Iishana system 
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RESULTS AND DISCUSSION 

 

Population forecasting and justification of the 

adopted method 

The probable future population is estimated using 

different methods highlighted in section 2.2. Theoretical 

results obtained from each of these methods are then 

compared with the actual population in 2023. Figure 4 

shows the comparison of the actual and estimated 

population by various approaches for the Iishana system. 

The Arithmetic Increase Method (A.I.M) gives higher 

results than the actual one. The Geometric Increase 

Method (G.I.M) and the Incremental Increase Method 

(I.I.M) gave almost the same results, and the results are 

higher than the actual one. The Decreasing Rate of growth 

Method (D.R.M) exceeded the actual population slightly. 

This method gave satisfactory results compared to the 

other three methods. Hence, the Decreasing Rate of 

growth Method is used to estimate the probable future 

population.  
  

 
Figure 4. Comparison of actual and estimated population 

for the Iishana system 

 

 
Figure 5. Estimation of the probable future population for 

the Iishana system. 

Figure 4 shows the estimation of the probable future 

population for the Iishana system using the Decreasing 

Rate of growth Method. A declining population has been 

predicted furtherance to previous trend based on census 

data. A significant declining population difference of 

84,970 has been observed between 1991 and 2023 (Table 

1).  

 

Current rural water demand estimation 

The estimated water demand for the present year 

2023/24 was calculated based on the current domestic 

population and livestock numbers, using adopted water 

consumption norms. The resulting estimate of the current 

rural water demand is shown in Table 3. 

Table 3.The total current rural water demand was 

calculated at 6,761 m
3
/d, with the domestic demand at 

2,479 m
3
/d and the livestock demand at 4,282 m

3
/d, being 

37% and 63% of the total, respectively (Figure 6). 

 

 
Figure 6. The water demand for various purposes within 

the Iishana system 

 
Projected future rural water demand of the 

Iishana system 

The anticipated future demand for water in the rural 

areas were estimated based on the projected future rural 

population. However, livestock numbers are not 

considered because they depend on the grazing capacity of 

the rangeland, which is not expected to improve over time. 

Figure 7 displays the estimated water demand for the rural 

population for the Iishana system. The water demand 

projections for 2033, 2043, and 2053 are 0.9, 0.5, and 0.1 

Mm
3
/year, respectively. The decrease in water demand is a 

result of a population decline (Figure 5), as people move 

from rural to urban migration for better economic and 

social opportunities (Census, 2011). The urban population 
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increased by 75%, while the rural population decreased by 

58% over a thirty-two (32) year period, from 1991 to 2023 

(Table 2). The well-being and livelihood of rural 

communities are greatly affected by several challenges 

such as poor maintenance of water infrastructure, long 

distances to communal taps, inability to pay for municipal 

water supply, limited capacity to carry water, and specific 

times allocated for collecting water (Arendt et al., 2021; 

Niipare, 2020; Shooya, 2017).  

 

 
Figure 7. Estimated water demand for the rural population 

for the Iishana system. 

 
Water provision 

To estimate the supply potential for the Iishana 

system, the daily weather data were obtained from four 

key stations: Okalongo, Mahenene, Omafo, and Ogongo. 

However, it is found that both Omafo and Okalongo 

stations have limited data records from 2019 to 2021, with 

several missing data records. The Mahenene station has 

hydrological data from 2012 to 2019 but also with missing 

data records. On the other hand, the Ogongo station has 

satisfactory daily data records, making it the most reliable 

station out of the three. With hydrological data sets 

covering 2012 to 2021, the data from the Ogongo station is 

used to estimate precipitation, temperature, and 

evaporation rates for the Iishana system. The evaporation 

rate (Er) is calculated using the energy balance method 

(Han, 2010) as follows (4):  

 

𝐸𝑟 =  
1

𝑙𝑣𝜌𝑤
(𝑅𝑛 − 𝐻𝑠 − 𝐺)                                   (4) 

 

Where: Er is evaporation rate (m/s), Hs is sensible 

heat flux (in W/m
2
, to change liquid water temperature), G 

is the ground heat flux (in W/m
2
, to change underlying soil 

temperature), Rn is the net radiation flux (W/m
2
), ρw is 

water specific density (kg/m
3
), lv is the latent heat of 

vapourization (J/kg), calculated using (5). 
 

𝑙𝑣 = 2.5 × 106 −  2370𝑇                                       (5) 
 

Where T is temperature in 
0
C. 

 

Precipitation 

The Figure 8 depicts the total yearly precipitation for 

the Iishana system, recorded at Ogongo station. The 

results display that the annual average precipitation in the 

Iishana system is about 300mm. The lowest recorded 

precipitation was below average in 2018 (marking the 

beginning of 2019 drought), while the highest 

precipitation of 600mm was recorded in 2020. The 

rainwater received flows down to the Etosha pan by 

gravity, resulting in a shortage of water within the region 

(Dragnich et al., 2007).  

 

 
Figure 8. Total yearly precipitation for the Iishana system 

(2014-2021), recorded at Ogongo station. 

 

Temperature 

Figure 9 and Figure 10 show the temperature pattern 

for the Iishana system, recorded at Ogongo station.  It is 

visible that the temperature series followed a positive 

trend in both figures. The water that remains in the Iishana 

(stream) and surface water bodies evaporates because of a 

high temperature. The computed annual evaporation rate is 

2500 millimeters (using (4) and (5)). With an average of 

300mm of rainfall annually (Figure 8), the amount of 

water evaporating is eight (8) times more than the amount 

of rainfall (Figure 11).  
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Figure 9. Daily temperature for the Iishana system (2012-

2018), recorded at Ogongo station. 

 

 
Figure 10. Daily temperature for the Iishana system 

(2019-2021), recorded at Ogongo station. 

 
Figure 11. Evaporation within the Iishana system 

 

Table 2. The population within the Iishana system from 1991 to 2023 (Census, 1991, 2011, 2023) 

Year Region 
Area 

km2 

Population 

Density per km2 

Person/ km2 

Population  

Per region 

[No] 

Population 

[Total No] 

Urban 

Population 

[Total] 

Rural 

Population 

[Total] 

[1] [2] [3] [4] [5] [6]* [7] [8] 

2023 

Ohangwena 1,136 32 36,352 

174,733 112,764 61,969 Oshana 2,411 27 65,097 

Omusati 6,107 12 73,284 

2011 

Ohangwena 1,136 23 26,128 

129,311 67,664 61,647 Oshana 2,411 20 48,220 

Omusati 6,107 9 54,963 

2001 

Ohangwena 1,136 21 23,856 

124,628 41,637 82,991 Oshana 2,411 19 45,809 

Omusati 6,107 9 54,963 

1991 

Ohangwena 1,136 18 20,448 

174,739 27,800 146,939 Oshana 2,411 26 62,686 

Omusati 6,107 15 91,605 

*Total population numbers for the 3 regions in the respective year. 
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Table 3. Estimated current (2023/24) water demand of the Iishana system 

Domestic Livestock 
Total 

Rural Water 

Demand 
Rural 

Population 

Water 

Consumption 

Per capita 

Demand Area 
Livestock 

Numbers* 

Water 

Consumption 

per stock 

Demand 

[Total] [m3/capita/d] [m3/d] [ha] [Total] [m3/capita/d] [m3/d] [m3/d] 

61,969 0.04 2,479 951,587 95,156 0.045 4,282 6,761 

*Equivalent large stock units 

 
CONCLUSION AND RECOMMENDATION 

 

This study analyzed the water demand of the rural 

population within the Namibian Iishana system. The 

current water demand of the rural population is estimated 

at 2,479 m
3
/d, with projections of 0.9, 0.5, and 0.1 

Mm
3
/year for 2033, 2043, and 2053 respectively. The 

region's flat, shallow landscape, high evaporation rate, and 

lack of proper infrastructure have made the area vulnerable 

in terms of water security for both agricultural and potable 

purposes, resulting in droughts after the rainy season. 

With these findings, it is recommended to build water 

infrastructures within the region to improve the well-being 

and livelihood of rural communities. One engineering 

practice involves increasing the storage capacity of the 

natural basins in the study area by removing the 

accumulated sediment to retain sufficient water to increase 

water availability. Additionally, increasing the depth of the 

pans may help reduce the rate of evaporation. 

Furthermore, planting of trees within the basin will 

enhance ecological restoration, reduce flooding and 

enhance rural livelihoods’ ability to withstand the impacts 

of climate change.  
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ABSTRACT 

This study evaluates the effectiveness of a tripartite pedagogy framework integrating specialized tracks, optional 

minors, and experiential learning to enhance sustainability education in built environment curricula. Employing a 

mixed-methods quasi-experimental design, the research assessed 239 industrial training students in Enugu, Nigeria. 

Results from the t-test demonstrate significant improvements in sustainability knowledge post-intervention and high 

interest in optional sustainability courses. Repeated measures of ANOVA revealed substantial enhancements in 

students' ability to apply sustainability concepts over time. Qualitative data highlighted practical challenges in 

experiential learning, including resource constraints. The findings provide empirical support for the tripartite 

approach, extending previous research by quantifying impacts on practical skills development. This study 

contributes to the limited body of evidence on integrated sustainability education interventions in the Global South, 

demonstrating significant improvements in students' sustainability knowledge and application skills through a 

tripartite pedagogy framework. The findings highlight the potential of specialized tracks, optional minors, and 

experiential learning to bridge the gap between academic preparation and industry needs. It is recommended that 

educational institutions prioritize these integrative approaches and address resource constraints to enhance the 

effectiveness and scalability of sustainability education in built environment curricula. 

Keywords: Building Research Establishment Environmental Assessment Methodology, Built environment 

curricula, Experiential learning, Optional minors, Specialized tracks, Sustainability competencies 
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INTRODUCTION 
 

The built environment sector significantly impacts global 

environmental quality, resource consumption, and public 

health. Correspondingly, recent data from the United 

Nations Environment Programme (2022) highlights a 

worrying increase in building energy demand, rising by 

over 4% since 2020, driven by rapid urbanization. This 

escalating ecological footprint underscores the urgent need 

for a paradigm shift in built environment practices towards 

sustainability (Agboola et al., 2024). Sustainability in the 

built environment involves economically viable, 

environmentally responsible, and socially equitable 

approaches to design, construction, and operation. This 

includes green building, low-impact development, 

renewable energy integration, and transit-oriented 

development (Durdyev et al., 2018). While critics argue 

that sustainable practices are costly, proponents emphasize 

that the long-term benefits outweigh initial investments 

(Ewurum et al., 2020). 

Thus, the urgency to mitigate environmental 

degradation, health impacts, and resource depletion, while 

enhancing resilience, underscores the need for skilled 

professionals in sustainability. However, current 

educational programs inadequately prepare built 

environment professionals (Ohueri, 2022). For instance, a 

systematic review of 89 global university programs shows 

limited and uncoordinated integration of sustainability 

concepts, leaving graduates underprepared for key 

practices like retrofitting structures, performing energy 

audits, and engaging stakeholders (Rajabifard et al., 2023). 

This disconnects between academic preparation and 

industry needs hampers the transition to sustainable 

practices. Compounding the situation, rapid technological 

advancements and evolving societal expectations further 

pressure educational institutions to update curricula 

systematically to include sustainability as a core 

competency (Taneja et al., 2022). In this respect, 

promising interventions comprise specialization tracks, 

optional minors in sustainability-related fields, and 

experiential learning opportunities (Angelaki et al., 2024; 

Hou et al., 2023; Ribeiro et al., 2021). Ewurum et al. 

(2024) argue that the effectiveness of these interventions is 

impeded by their focus on siloed rather than integrated 

http://www.science-line.com/index/
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reforms. This view further corroborates a 2021 report by 

the World Health Organization citing that this fragmented 

approach limits the mainstreaming of sustainability 

concepts, suggesting the need for multiple complementary 

approaches within an overarching framework (WHO, 

2021).  

Accordingly, we present a tripartite pedagogy 

framework that integrates specialization tracks, optional 

minors, and experiential learning to create a robust 

framework for sustainability education. Wright (2021) 

underscores the critical deficiency of empirical studies 

concerning the application and assessment of this 

framework, especially within the Global South, while 

highlighting the pivotal role of faculty readiness in its 

effective integration. In light of the foregoing, research on 

tripartite pedagogy experimentation is essential to address 

the sustainability emergency in built environment 

curricula. The findings may inform evidence-based 

curricular reforms, bridge the gap between academia and 

industry, as well as develop a workforce capable of 

managing a resource-efficient built environment with 

minimized environmental impact. 

Accordingly, the study aims to evaluate the 

effectiveness of integrating optional minors, specialized 

courses, and experiential learning opportunities into built 

environment curricula to enhance sustainability education 

and preparedness among students. The objectives of the 

study are to assess the short-term impact of a 2-week 

specialized crash course on students' sustainability 

knowledge, ascertain student interest levels for post-

specialization track optional courses in the built 

environment, and examine the practical impact of a 1-

month experiential learning program on students' ability to 

apply sustainability concepts in real-world scenarios. 

 

 Review of related literature 

The integration of specialization tracks in green 

building and sustainable development within built 

environment education is supported by foundational 

educational theories. The concept of "deep learning" 

emphasizes intensive engagement with specific knowledge 

domains, allowing students to develop robust and 

transferable skills (Liu et al., 2024). Specialization tracks 

enable students to focus on elective courses in 

sustainability, fostering a comprehensive understanding of 

sustainable construction project management (Kovačević, 

2022). "Situated learning" theory suggests that learning is 

most effective in authentic, contextualized settings 

(Donaldson et al., 2020). Specialization tracks provide 

opportunities to apply sustainability concepts in real-world 

projects, bridging the gap between theory and practice. 

Additionally, the "constructivist" approach highlights the 

active construction of knowledge through collaborative 

and problem-based activities, enabling students to engage 

with sustainability challenges and develop problem-

solving skills (Mitry, 2021). 

Studies emphasize the practical considerations for 

implementing specialization tracks in green building and 

sustainable development, such as ensuring faculty 

expertise and access to specialized facilities (Asfaw et al., 

2022). Optional minors in sustainability-related fields are 

supported by educational theories like "elective" learning, 

allowing students to tailor their experiences to their 

interests and career goals. "Interdisciplinary" and 

"transdisciplinary" education, as noted by Scharoun et al. 

(2023), are essential for integrating these minors, 

promoting knowledge synthesis from diverse disciplines to 

address complex sustainability challenges. Implementing 

these minors also requires resources for specialized 

coursework, credit allocation, course sequencing, and 

evaluating impacts on student outcomes (Strumbos et al., 

2018). 

Elbaghdadi (2023) explains that "experiential learning 

theory" emphasizes knowledge construction through 

hands-on, contextualized learning. In sustainability-

focused built environment curricula, this can be achieved 

through real-world projects, field trips, and internships. 

However, many firms do not fully adopt sustainability 

principles, highlighting the need for graduates with 

sustainable construction management skills to provide 

authentic learning settings. This approach aligns with 

"situated learning theory," which advocates for learning in 

real-world contexts. Implementing experiential learning 

requires industry partnerships (Olawumi & Chan, 2020), 

access to facilities and resources (Chagnon-Lessard et al., 

2021), and integration into the broader curriculum (Fini et 

al., 2018). 

Despite limited studies on specialization tracks in 

built environment sustainability education, literature 

shows promising results. Ribeiro et al. (2021) found that 

green building and sustainable development tracks 

enhance students' awareness, knowledge, and inclination 

towards sustainable practices, while Angelaki et al. (2024) 

noted increased engagement and curriculum relevance. 

Robust evidence supports experiential learning, showing 

that hands-on experiences, like design projects and 

internships, significantly improve knowledge, 

engagement, problem-solving skills, and application of 

sustainable practices (Hou et al., 2023; Ordaz et al., 2021). 

Evidence on optional minors is limited but promising, 
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enhancing student awareness, knowledge, and professional 

development satisfaction (Griesinger, 2023; Holison, 

2023). However, the majority of existing research on these 

interventions predominantly focuses on programs in the 

Global North, with limited evidence regarding their 

application and impacts, as a tripartite, in the Global 

South.  

 

MATERIALS AND METHODS 

 

This study employed a mixed-methods quasi-experimental 

design to evaluate the effectiveness of a tripartite 

pedagogy framework for enhancing sustainability 

education in built environment curricula. A quasi-

experimental design was chosen due to its suitability for 

educational research where randomization is not feasible, 

and its ability to establish causal relationships in real-

world settings.  

The study was conducted at the Institute of 

Management & Technology (IMT), Enugu, Nigeria, 

focusing on 58 Industrial Training students of Real Estate 

and 181 of Civil Engineering departments. This institution 

was selected due to its prominence in built environment 

education in the region and its willingness to implement 

curricular innovations. For the experiential learning 

component, partnerships were established with three firms 

in Enugu: Ezealigo Associates, Ezeh Ezeh & Co., and 

Onwudinjo Construction Limited. These firms were 

chosen based on their engagement in sustainable 

construction practices and willingness to participate in the 

study. A randomly selected sample of 6 students were 

each sent to Ezealigo and Eze Ezeh, while 29 students 

were sent to the various construction sites of Onwudinjo 

Limited. 

The Building Research Establishment Environmental 

Assessment Method (BREEAM) was utilized as the 

sustainability intervention framework for this study, due to 

its comprehensive approach to sustainability assessment, 

international recognition, and adaptability to various 

contexts. A multi-method approach to data collection was 

employed to address the study's objectives. For objective 1 

(impact of specialized crash course), pre- and post-

intervention knowledge tests were administered to 

measure changes in students' sustainability knowledge. 

Reflective journals were maintained by students 

throughout the course to capture qualitative insights into 

their learning experiences. Paired sample t-tests were 

conducted to compare pre- and post-intervention 

knowledge test scores, allowing for the assessment of 

significant changes in student knowledge (Kim, 2015). 

Effect sizes were calculated to determine the magnitude of 

the intervention's impact. Qualitative data from reflective 

journals were analyzed using content analysis to identify 

key learning outcomes and experiences (Krippendorff, 

2018). 

For objective 2 (student interest levels), a Likert-scale 

questionnaire was administered to assess student interest 

in optional sustainability courses after undergoing 

specialized tracks. Descriptive statistics were used to 

analyze the Likert-scale data, including measures of 

central tendency and dispersion. This process also 

involved semi-structured interviews with a subset of 

students to gain deeper insights into their motivations and 

perceptions. For objective 3 (impact of experiential 

learning), a practical assessment was conducted before and 

after the experiential learning program to evaluate 

students' ability to apply sustainability concepts. 

Observational data was collected by researchers during the 

experiential learning activities, in addition to semi-

structured interviews with industry partners to gather their 

perspectives on student performance and program 

effectiveness.  

Paired sample t-tests were used to analyze the pre- 

and post-intervention practical assessment scores. 

However, given the complexity of real-world application, 

a repeated measures ANOVA was also conducted to 

account for potential time-dependent effects and 

individual differences in learning trajectories (Maxwell & 

Delaney, 2004). Qualitative data from observations and 

interviews were analyzed using grounded theory 

techniques to develop a theoretical understanding of how 

experiential learning impacts sustainability competencies 

(Charmaz, 2014). All statistical analyses were performed 

using SPSS version 27.0, with a significance level set at p 

< 0.05. Qualitative data analysis was facilitated by NVivo 

12 software to ensure systematic coding and theme 

identification. 

 

DISCUSSIONS  

 

As per objective 1, the paired sample t-test results indicate 

a significant increase in sustainability knowledge post-

intervention (t(238) = 8.56, p < 0.01). The large t-value 

and small p-value suggest strong evidence against the null 

hypothesis, and the Cohen's d value indicates a medium 

effect size. Examination of reflective journals revealed 

enhanced understanding and appreciation of sustainability 

concepts. Descriptive statistics in Figure 1 shows high 

student interest in optional sustainability courses after the 

specialized tracks intervention.  
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Results in Figure 1 indicate a higher-than-average 

interest level of built environment students concerning 

registering for optional minors on sustainability principles. 

Interviews indicated that students valued the relevance of 

these courses to their career aspirations and were mostly 

fascinated by the fresh impetus they offered. For objective 

3, the repeated measures ANOVA results demonstrate 

significant improvements in students' ability to apply 

sustainability concepts over time [f(2,236) = 15.43, p < 

0.01], while the partial eta squared (η²) suggests a 

moderate effect size, implying that the intervention had a 

substantial practical impact on students' abilities. Figure 2 

confirms the veracity of this result by providing 

descriptive statistics for each time point, showing a clear 

upward trend in mean scores and a decrease in standard 

deviation, suggesting both improvement and convergence 

in students' abilities over time. 

 

 
Figure 1: Interest levels in sustainability optional minors 

(Source: Field Survey, 2024). 

 

 

 
Figure 2: Effectiveness of experiential learning 

intervention (Source: Field Survey, 2024). 

The graph (Figure 2) shows a clear upward trend in 

mean scores across the three time points, where pre-

intervention had a mean score of around 2.8, mid-

intervention had a mean score of around 3.4, and post-

intervention with a mean score of around 4.2. This steady 

increase suggests a consistent improvement in students' 

abilities to apply sustainability concepts as they progress 

through the intervention. While the repeated measures 

ANOVA results confirm that these improvements are 

statistically significant, qualitative data highlighted 

practical challenges and learning outcomes, such as real-

world constraints related to time, resource availability, and 

the limited access to sustainable materials and 

technologies posed significant hurdles.  

The study's findings provide compelling evidence for 

the effectiveness of a tripartite pedagogy framework in 

enhancing sustainability education within built 

environment curricula. The significant increase in students' 

sustainability knowledge post-intervention (t(238) = 8.56, 

p < 0.01) aligns with previous research by Ribeiro et al. 

(2021) and Angelaki et al. (2024), confirming the value of 

specialized tracks in enhancing deeper understanding of 

sustainability concepts. The high interest levels in optional 

sustainability courses post-intervention (Figure 1) 

corroborate the findings of Griesinger (2023) and Holison 

(2023), suggesting that exposure to specialized tracks can 

indeed stimulate student engagement with sustainability-

related fields. This outcome underscores the potential of 

optional minors as a complementary strategy within the 

tripartite framework. The repeated measures ANOVA 

results (F(2, 236) = 15.43, p < 0.01) demonstrating 

significant improvements in students' ability to apply 

sustainability concepts over time are particularly 

noteworthy. This finding extends the work of Hou et al. 

(2023) and Ordaz et al. (2021) by quantifying the impact 

of experiential learning on practical skills development. 

The moderate effect size (partial η²) indicates a substantial 

practical impact, reinforcing the value of hands-on 

experiences in sustainability education. However, the 

qualitative data highlighting practical challenges such as 

time constraints, limited resources, and restricted access to 

sustainable materials reveal important limitations of the 

experiential learning component. These findings echo the 

concerns raised by Chagnon-Lessard et al. (2021) 

regarding the need for appropriate facilities and resources 

in implementing experiential learning opportunities. 

 

Practical Insights 

The study provides empirical support for the 

integration of specialized tracks, optional minors, and 
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experiential learning opportunities in built environment 

curricula. So, it is recommended that educational 

stakeholders should consider adopting this tripartite 

approach to enhance sustainability education by 

prioritizing faculty development programs to ensure 

instructors possess the necessary expertise to effectively 

deliver specialized courses and guide experiential learning 

activities. The identified practical challenges in 

experiential learning highlight the need for institutions to 

allocate adequate resources, including sustainable 

materials and technologies, to support effective 

implementation of hands-on learning experiences. 

Conversely, its success underscores the importance of 

developing strong partnerships between educational 

institutions and industry stakeholders engaged in 

sustainable practices. 

 

Policy Insights 

Policymakers and accreditation bodies should 

consider revising standards for built environment 

programs and incentivize industry participation in 

sustainability education initiatives to explicitly include 

sustainability competencies and experiential learning 

requirements. Government and educational funding bodies 

should prioritize resources for institutions implementing 

comprehensive sustainability education programs, 

particularly those incorporating experiential learning 

components. Professional bodies should consider 

developing sustainability certifications for built 

environment graduates, recognizing the specialized 

knowledge and skills acquired through programs 

implementing the tripartite pedagogy framework. 

 

CONCLUSION 

 

This study demonstrates that the tripartite pedagogy 

framework, integrating specialized tracks, optional minors, 

and experiential learning, significantly enhanced 

sustainability education in built environment curricula. 

The findings reveal notable improvements in students' 

sustainability knowledge, interest in optional sustainability 

courses, and practical application of sustainability 

concepts over time. These results accentuate the 

framework's efficacy in preparing students for sustainable 

practices, addressing the critical skills gap in the built 

environment sector. 

 

Recommendations 

Educational institutions should adopt the tripartite 

pedagogy framework to reform the built environment 

curricula, with emphasis on faculty development, industry 

collaboration, and adequate resource allocation for 

experiential learning. Policymakers and accreditation 

bodies are encouraged to incorporate sustainability 

competencies and experiential learning as core standards 

to ensure graduates are equipped for sustainable practices 

in the built environment. 
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ABSTRACT 

Accurate prediction of water levels (WL) is essential for various applications, from flood management to 

environmental monitoring. In this study, an enhanced approach to feature selection tailored for water level 

prediction models is presented. Our method integrates Mutual Information and Recursive Feature Elimination with 

Cross-Validation (RFECV), augmented by the Non-Dominated Sorting Genetic Algorithm II (NSGA-II), to 

systematically evaluate and refine subsets of features. Mutual Information facilitates the identification of relevant 

feature dependencies, while RFECV iteratively eliminates less informative features to optimize predictive accuracy. 

The inclusion of NSGA-II further enhances the selection process by considering multiple conflicting objectives 

simultaneously, such as maximizing R2 score and minimizing the number of selected features, RMSE, and MAE. 

Through extensive experimentation and validation on real-world datasets, we demonstrate the effectiveness of our 

hybrid feature selection approach in capturing intricate relationships within the data, leading to significantly 

improved predictive performance in water level prediction models. 

Keywords: Mutual Information, Recursive Feature Elimination with Cross validation, Non-Dominated Sorting 

Genetic Algorithm II 
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INTRODUCTION 
 

In the era of big data and complex datasets, the task of 

accurately predicting outcomes or trends from data has 

become increasingly vital across various domains (Li et 

al., 2019; Saeys et al., 2007). Regression modelling stands 

as a cornerstone in numerous fields, from finance to 

healthcare, where understanding and forecasting numerical 

outcomes are paramount (Guyon and Elisseeff, 2003). 

However, amidst the abundance of available features, 

selecting the most relevant ones that contribute 

significantly to the predictive power of a model becomes 

crucial. This necessity forms the crux of our study, as we 

delve into the realm of feature selection and its 

implications on regression modelling accuracy. 

 The significance of feature selection reverberates 

throughout the landscape of machine learning, impacting 

not only the performance of models but also their 

interpretability and computational efficiency (Li et al., 

2019; Dash and Liu, 1997). By distilling datasets to their 

most informative attributes, feature selection mitigates the 

curse of dimensionality, alleviating issues such as 

overfitting and enhancing model generalization. Moreover, 

in domains where resource constraints or interpretability 

are paramount, selecting a parsimonious set of features 

aids in building more comprehensible and deployable 

models. 

 The objective of this paper is to explore the efficacy 

of feature selection techniques in enhancing the 

performance of regression models. To achieve this 

objective, we adopt a two-fold approach: firstly, we 

investigate traditional feature selection methods such as 

Mutual Information and Recursive Feature Elimination 

with Cross-Validation (RFECV), evaluating their impact 

on model accuracy and feature subset size. Subsequently, 

we employ multi-objective optimization techniques, 

leveraging the Non-dominated Sorting Genetic Algorithm 

II (NSGA-II), to identify Pareto-optimal solutions that 

balance model accuracy and feature subset complexity 

(Deb, et al., 2002; Kohavi and John, 1997). 

Through this endeavour, we aim to provide insights 

into the trade-offs inherent in feature selection and 
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mailto:tshireletsot@ub.ac.bw
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empower practitioners with knowledge to make informed 

decisions when building regression models. By elucidating 

the interplay between feature selection methods and model 

performance, this study contributes to advancing the 

understanding of best practices in regression modelling, 

thereby facilitating more robust and interpretable 

predictive analytics solutions. 

 

Background and related work 

The field of feature selection and regression 

modelling is a vast and intricate domain, and numerous 

studies have been carried out, scrutinizing various 

techniques and their effectiveness across a wide array of 

domains. Prominent among these are the comparative 

studies carried out by Kohavi and John (1997). They 

evaluated the performance of wrapper methods, 

particularly recursive feature elimination (RFE), with a 

keen focus on enhancing the accuracy of regression 

models. Their findings were enlightening, showing 

significant improvements in R-squared values and a 

decrease in mean squared error when RFE was applied in 

contrast to the baseline models. 

In the same vein, Dash and Liu in 1997 embarked on 

a deep exploration of the application of filter methods, 

particularly mutual information-based feature selection. 

They showcased how these techniques bring about notable 

enhancements in predictive accuracy and model 

interpretability across a myriad of regression tasks. Their 

work served as a seminal contribution to the field, and it 

has been widely referenced in subsequent studies. 

In recent times, hybrid approaches have gained 

considerable traction with the aim of synergizing the 

strengths of different feature selection techniques. An 

exemplary work in this regard is that of Hsu et al. in 2011. 

They proposed a ground breaking framework that 

seamlessly integrates filter and wrapper methods. The 

performance of their hybrid approach was superior in 

terms of both accuracy and computational efficiency. It 

achieved state-of-the-art results on benchmark datasets, 

surpassing the performance of individual feature selection 

methods. 

In addition to these academic advancements, domain-

specific applications have also showcased the practical 

utility of feature selection. An excellent example of this is 

in the finance sector, where researchers have utilized 

feature selection to identify key predictors for stock price 

forecasting models. This has led to more accurate 

predictions and has informed investment decisions (Yang, 

et al., 2019), contributing significantly to the field of 

financial forecasting. 

Healthcare is another sector where feature selection 

techniques have played a pivotal role. They have been 

instrumental in identifying biomarkers and clinical 

predictors for disease diagnosis and prognosis (Saeys et 

al., 2007). By selecting relevant features from high-

dimensional medical datasets, researchers have achieved 

remarkable accuracies in predicting patient outcomes and 

guiding personalized treatment strategies. 

Furthermore, in environmental science, feature 

selection has been applied to remote sensing data for land 

cover classification and ecological modelling (Heman et 

al., 2013). These applications underscore the versatility 

and efficacy of feature selection in addressing real-world 

challenges across various domains. 

Through empirical validation and rigorous evaluation, 

these studies have not only advanced our understanding of 

feature selection techniques but also provided practical 

insights into their application and impact on regression 

model performance. By leveraging the collective 

knowledge generated from these works, our study aims to 

contribute further to the evolving landscape of feature 

selection and regression modelling, ultimately enhancing 

predictive accuracy and interpretability in data-driven 

decision-making processes. 

 

MATERIALS AND METHODS 

 

Experimental Setup 

The MI-RFECV-NSGA-II feature selection method to 

the test using various predictor variables and a target 

variable. To ensure we had a clean dataset, we handled 

missing values and encoded categorical variables. We split 

the dataset into training and testing sets, using the 80-20 

standard for training and testing respectively, and kept a 

consistent random seed for reproducibility.  

A combination of Mutual Information (MI), 

Recursive Feature Elimination with Cross-Validation 

(RFECV), and the Non-Dominated Sorting Genetic 

Algorithm II (NSGA-II) for feature selection. MI and 

RFECV helped us identify a subset of relevant features. 

The NSGA-II algorithm was then used to optimize the 

feature subset by maximizing the coefficient of 

determination (R
2
) and minimizing the selected features. 

Afterwards, Random Forest (RF) regression model was 

trained using the features identified by the NSGA-II 

algorithm.  

The RF model was trained and tested using different 

performance metrics, such as R
2
 score, Mean Absolute 

Error (MAE), and Root Mean Squared Error (RMSE), 

which were used to judge its accuracy and generalization 
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capabilities. Finally, we compared how our RF model, 

trained with features selected by NSGA-II, stood up 

against RF models trained with other feature selection 

techniques like MI and RFECV. This comparison gave us 

a better understanding of how effective the MI-RFECV-

NSGA-II feature selection method is in pinpointing 

informative features for regression tasks. 

 

Mutual information (MI) 

Mutual information measures the dependency 

between two variables, in this case, each feature and the 

target variable 'WL' (water level). The mutual information 

between a feature Xi and the target variable Y is calculated 

as: 

𝐼(𝑋𝑖; 𝑌) = ∑ ∑ 𝑝(𝑥𝑖 , 𝑦)𝑙𝑜𝑔 (
𝑝(𝑥𝑖,𝑦

𝑝(𝑥𝑖)∙𝑝(𝑦)
)𝑦𝜖𝑌𝑥𝑖𝜖𝑋𝑖
             

(1)                                                      

Where: 

 𝑝(𝑥𝑖 , 𝑦) is the joint probability mass function of 

Xi and Y 

 𝑝(𝑥𝑖) and 𝑝(𝑦) are the marginal probability mass 

functions of Xi and Y respectively. 

Features with higher mutual information scores are 

considered more informative. 

 

Recursive feature elimination with cross-validation 

(RFECV) 

The RFECV recursively removes less informative 

features and selects the subset that optimizes model 

performance, typically measured using cross-validation. 

The process involves training the model with the current 

set of features and evaluating its performance. Features 

with the lowest importance, often determined by their 

coefficients in the model, are pruned iteratively until the 

desired number of features is reached. The selection 

process can be represented as: 

𝑎𝑟𝑔 (𝑀𝑆𝐸𝐶𝑉)𝑓𝑒𝑎𝑡𝑢𝑟𝑒𝑠
𝑚𝑖𝑛                                                (2)                                                                                         

Where: 

 MSECV is the mean squared error evaluated 

through cross-validation. 

 

Multi-objective optimization with NSGA-II 

NSGA-II aims to optimize four conflicting objectives 

simultaneously: maximizing R
2 

(coefficient of 

determination), minimizing the number of selected 

features, minimizing RMSE, and minimizing MAE. Let's 

denote these objectives as f1, f2, f3, and f4 respectively. 

The output of NSGA-II consists of a set of Pareto-

optimal solutions, denoted as Pareto, representing trade-

offs between R
2
, the number of selected features, RMSE, 

and MAE. Each solution in Pareto represents a unique 

combination of these objectives, providing insights into 

the optimal feature subsets that balance predictive 

accuracy, model simplicity, and error metrics. 

 

RESULTS AND DISCUSSION 

 

The initial Random Forest (RF) model performed well, but 

improved after applying feature selection techniques, table 

1. The RF model with Mutual Information Recursive 

Feature Elimination with Cross-Validation (MI-RFECV) 

showed increased R
2
 and decreased RMSE, despite a 

slight increase in MAE. Further enhancement was 

achieved with the addition of the NSGA-II optimization 

algorithm, leading to significant performance 

improvements. This underlines the effectiveness of feature 

selection, especially MI-RFECV-NSGA-II, in improving 

RF model accuracy and reducing errors. 

 
Table 1 - Results for RF without feature selection, RF 

with MI-RFECV and RF with RFECV-NSGA-II 

Model R2 RMSE MAE 

RF without Feature selection 0.735 9.680 5.314 

RF with MI-RFECV 0.804 8.311 6.769 

RF with MI-RFEV-NSGA-II 0.896 4.485 2.598 

 
Table 2 - Comparison of the study with recent studies 

Method R2 RMSE MAE 

RF with MI-RFECV-NSGA 0.896 4.485 2.598 

Chamlal et al (2023) 0.870 - - 

Sandru & David (2019) - 8.930 6.250 

El Touati et al (2023) - 5.270 4.910 

Hsu et al (2011) 0.860 7.540 - 

Al-Aghbari et al (2022) - 5.680 - 

Sun et al (2021) - 4.810 3.230 

 

The study results highlight the effectiveness of feature 

selection techniques in improving the predictive accuracy 

of regression models, especially for environmental data 

analysis. A significant improvement in model performance 

when using Mutual Information Recursive Feature 

Elimination with Cross-Validation (MI-RFECV) was seen. 

This improvement was further amplified when integrating 

the Non-Dominated Sorting Genetic Algorithm II (NSGA-

II) in the feature selection process.  

Recent studies, Table 2, align with the findings of this 

research, emphasizing the role of advanced feature 
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selection and optimization in achieving higher predictive 

accuracy.  

       Chamlal et al. (2023) proposed a two-step feature 

selection procedure for handling high-dimensional data, 

focusing on balancing computational efficiency and 

prediction performance. While their method demonstrates 

substantial improvement in model accuracy, it does not 

address the simultaneous optimization of conflicting 

objectives, such as minimizing RMSE and MAE, which 

our MI-RFECV-NSGA-II approach successfully achieves. 

Şandru and David (2019) introduced a unified feature 

selection and hyperparameter optimization framework 

based on Bayesian methods. Although their approach 

streamlines regression modelling, the lack of integration 

with multi-objective optimization frameworks limits its 

ability to balance prediction performance against feature 

subset complexity, as achieved in our study. In 

comparison, MI-RFECV-NSGA-II provides a 

comprehensive solution, enhancing generalization and 

predictive performance. 

         El Touati et al. (2023) presented an adaptive feature 

selection method that dynamically refines feature subsets 

in machine learning models. While effective in improving 

computational efficiency and accuracy, their approach 

lacks the ability to optimize multiple objectives 

simultaneously. By contrast, our method explicitly 

incorporates multi-objective optimization through NSGA-

II, achieving an R² of 0.896 while significantly reducing 

RMSE and MAE. 

         In the context of environmental and hydrological 

modelling, Al-Aghbari et al. (2022) demonstrated a hybrid 

multi-objective optimization approach for water flooding 

applications. Their work highlights the potential of multi-

objective algorithms in environmental systems but focuses 

more on physical processes than feature selection.  

        Similarly, Sun et al. (2021) explored adaptive 

surrogate modelling for hybrid optimization, showcasing 

the advantages of multi-objective optimization in 

constrained scenarios. These studies reinforce the 

importance of incorporating multi-objective frameworks, 

which our MI-RFECV-NSGA-II method leverages for 

improved regression performance. 

         Overall, this study demonstrates that the integration 

of feature selection techniques like MI-RFECV with 

advanced multi-objective optimization algorithms such as 

NSGA-II significantly outperforms traditional and recent 

hybrid methods. This is evident in the remarkable 

improvement in R², RMSE, and MAE metrics, 

highlighting the robustness and applicability of the 

proposed approach for complex predictive modelling 

tasks. 

 

CONCLUSION 

 

The study was conducted on feature selection in regression 

modelling, with a special focus on environmental data 

analysis. After careful experimentation and evaluation, the 

following conclusions were reached about the 

effectiveness of feature selection techniques and their 

influence on model performance. 

It's clear that feature selection is key to improving the 

predictive accuracy of regression models. Traditional 

methods like Mutual Information and Recursive Feature 

Elimination with Cross-Validation (MI-RFECV) are quite 

good at identifying relevant features and boosting 

performance metrics such as the R
2
 score, RMSE, and 

MAE. However, when the Non-Dominated Sorting 

Genetic Algorithm II (NSGA-II) was incorporated into the 

feature selection process, the MI-RFECV-NSGA-II 

approach led to significant improvements in predictive 

accuracy. It delivered higher R
2
 scores, and reduced error 

rates compared to the standard methods.  

Comparing the results archived to results from 

previous studies, it's evident that MI-RFECV-NSGA-II 

outperforms traditional feature selection methods. While 

earlier methods have shown positive results in improving 

model accuracy, this study takes it a step further. 

Leveraging the optimization capabilities of NSGA-II to 

identify more optimal feature subsets. The resulting 

enhancement in model performance metrics suggests that 

MI-RFECV-NSGA-II provides a more structured and 

efficient approach to feature selection, especially in high-

dimensional datasets and complex regression tasks. 
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ABSTRACT 

A non-conventional concrete with the properties of flow-ability, filling-ability, and passing-ability without any need 

for mechanical compaction but flow under self-weight is known as self-compacting concrete. This study developed 

trial mixtures for self-compacting concrete (SCC) using locally available waste products. The copper slag and ore 

tailings from Bamangwato Concessions Limited Mine in Selebi-Phikwe, Botswana were used as source of fine 

aggregate, and fines substitute. Eight mix proportions were developed with the quantities of cement, granite, copper 

slag, ore tailings and water-cement ratio as variables. The mix proportions were developed in accordance with 

recommendations from American Concrete Institute (ACI 237R-07) and fresh SCC properties (flow ability, passing 

ability, filling-ability, and segregation) were performed to assess the performance of the mixes. It was observed that 

the range of slump flow values were between (500 – 750 mm), V-funnel values (1.46 – 7.46 s), passing-ability of 

(0.76 – 1.0). The hardened properties of SCC (strength and density) were between 8.1 and 33.3 MPa, and 2093 to 

2406 kg/𝑚3) respectively. It could be concluded that SCC produced from mine wastes (copper slag and ore tailings) 

is found suitable for the use in unreinforced and normal concrete applications.  

Keywords: Self-compacting concrete, filling-ability, flow-ability, passing-ability, slump flow, segregation and 

compressive strength. 
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INTRODUCTION 
 

Concrete composed of conventional materials but flow 

without mechanical compaction rather than its own weight 

and without segregation is referred to self-compacting 

concrete (SCC) (Habibi and Ghomashi, 2018). However, 

understanding how to distinguish between a bonafide 

SCC and a conventional concrete holds significant 

importance. SCC has exceptional workability and boasts 

distinct advantages over conventional 'flowing' concrete. 

Studies such as Benaicha et al. (2019) has indicated that 

SCC has superior performance over conventional concrete 

which include rheological and mechanical properties. 

Unlike conventional concrete, SCC does not need any 

form of compaction. Other good quality of SCC as 

reported in Su et al. (2001) included high fluidity, better 

resistance to segregation and filling ability property. It 

effectively resists segregation, ensuring that its constituent 

materials remain uniformly distributed during 

transportation and placement. Furthermore, SCC keeps a 

stable composition throughout these processes. It should 

be noted that SCC comprises the same ingredients with 

traditional concrete which include fine and coarse 

aggregates, cement, mineral additive and admixture to 

positively alter the performance of concrete. However, the 

ultimate composition of the mixture and its properties in 

the fresh state exhibit notable differences. The 

performance of SCC has largely been described to be the 

function of raw materials and their inherent characteristics 

(Ashish and Verma, 2019). In material composition, high 

amount of mineral fillers which include supplementary 

cementitious materials and finely divided powder, and 

admixtures such as viscosity modifying admixture, water 

reducing admixture and high range water reducing 

admixture for SCC rheological and stability control are 

normally added in greater proportions. Additionally, SCC 

is known to employ reduced quantity, and lower maximum 

size of coarse aggregate. The alterations made to the 

composition of the mixture have an impact on the 

properties and performance of the concrete once it has 

reached its hardened condition. Furthermore, Ashish and 

Verma (2019) explained performance and application 

requirements have been identified as major determining 

factor when developing SCC mixes.  

The production of good self-compacting qualities 

takes precedence over the later toughened features, which 

receive less initial attention as a result. The mass ratio of 

mixture composition in one cubic metre volume of 

concrete is a function of cement and fines content, 

quantity of paste, dosage of admixture, size and volume of 

fine and coarse aggregates all together.  The mechanical, 

stability and other durability properties of SCC can then be 

tested and verified using similar approaches for 

conventional concrete. Because there are so many ways in 
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which the constituent elements of SCC may be combined, 

there are a significant number of factors that need to be 

brought into harmony with one another (for example, 

mineral filler, superplasticizers, and viscosity agents). 

Usually, the good correlation between paste and concrete 

is ensured through the high content of mortar. The 

significant and early work done on SCC by Okamura and 

Ozawa (1994) led to the establishment of a rather 

straightforward step-by-step technique to develop mixture 

designs which restricts the type and sizes of SCC 

constituents. The American Concrete Institute adopted this 

technique and created a coherent table (ACI-237R-18) 

obtaining ranges of the amount of coarse aggregate, 

powder, mortar and paste required for an SCC. This is the 

standard selected to develop the mixture designs in this 

study. The developed SCC mixes were exposed to a series 

of tests to validate their efficiency and class according to 

the European Federation of Specialist Construction 

Chemicals and Concrete Systems, EFNARC. 

The volume of conventional concrete is usually being 

occupied with third-fourth of aggregates sourced from an 

environment. Despite the harm caused to the environment, 

concrete is an essential product to the development of 

economies all over the world, and so it is vital to 

incorporate strategies that reduce the impact. In an attempt 

to save the environment and simultaneously improve the 

engineering performance of the concrete and cut 

construction cost, use of supplementary cementitious 

materials such as ground granulated blast furnace slag, fly 

ash, bottom ash, silica fume have been used Zhao et al. 

(2021). Sand has become the most popular natural 

resource being consumed worldwide seconding water. The 

indiscriminate extraction of this resource, however, is 

causing major physical and biological damage to our 

environment.  

A growing trend of sand extraction is from marine, 

coastal and freshwater ecosystems of which some 

practices did not fully comply with environmental policies 

and regulations (Gallagher and Peduzzi, 2019). Crushed 

rock, sand and gravel are essential to the world at large for 

urbanization and infrastructure, water treatment and glass 

production to name a few. However, effective policy and 

good framework should be put in place to meet the ever 

increasing demand Gallagher and Peduzzi (2019). For this 

reason, sand consumption and production could benefit 

from green economy policies and planning.  

Bamangwato Concessions Limited (BCL) operated a 

Nickel-Copper Mine in Selebi Phikwe from the year 1973 

until her liquidation and produced both the viable products 

but also by products which are a challenge to dispose of 

according to Gabasiane et al. (2019). This caused several 

environmental problems such as gas emissions into the 

atmosphere and dump waste in the form of slag and 

copper tailings in the region. These wastes were sourced 

and physically and chemically characterized by Oyejobi 

and reported in Oyejobi et al. (2023). 

In the manufacture and extraction of copper, there are 

different stages, however, copper slag and ore tailings are 

mine wastes obtained at different stages of flotation and 

concentration respectively Onuaguluchi and Eren (2012). 

As known, conventional concrete requires vibration for 

compaction to take place, and to allow the concrete to fill 

in the spaces between reinforcement and the corners of 

formwork. This process consumes a lot of energy which is 

an economic burden as well as a health hazard to 

tradesmen. Also, inadequate vibration results in 

honeycombs and gaps within reinforcement. With these 

problems, this study is intended to find an appropriate mix 

proportion for the design of an SCC using ore tailings and 

copper slag sourced from a local mine. The performance 

of the SCC is assessed through fresh, plastic and 

mechanical properties. This is achieved by carrying out a 

series of tests which include filling ability, passing ability, 

flow ability and segregation resistance of SCC. The 

hardened properties tested are compressive strength and 

density respectively. In this paper, copper slag was used in 

place of fine aggregate for the SCC and the addition of ore 

tailings as part replacement of both fine aggregates and 

fines are studied to determine its efficiency in assisting the 

flow ability and stability of the concrete.  

 
MATERIALS AND METHODS 

 

The materials used for the SCC mixtures are cement 

(CEM II 42.5N), crushed angular granite as coarse 

aggregates (maximum size 19 mm), copper slag as fine 

aggregates, water, and copper ore tailings. Particle 

distribution test was carried out to determine the gradation 

of the aggregates used as well as specific gravity tests as 

presented in Figure 1. The mix design in Table 1 is 

developed in accordance with ACI 237R-07 with a few 

modification.  

 

Figure 1. Particle size distributions of copper slag, tailings 

and coarse aggregate 
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Flow- ability property of SCC 

The procedure for this test followed ASTM 

C143/C143 M (2015) modified with the intention of 

determining free flow of the concrete when there is no 

obstruction. The concrete was poured into the slump cone 

at once without either manual or mechanical vibration. 

This was followed with lifting of the cone within 

approximately 30 seconds of filling and the concrete 

subsided under its own weight. The typical flow is shown 

in Figure 2 and the mean of the values taken from different 

directions is reported as the slump flow value of the SCC. 

 

  
Figure 2. Slump flow of developed SCC 

 

Filling-ability property of SCC 

The SCC ability to fill the container is measured using 

the fabricated V-shaped funnel shown in Figure 3 similar 

to the recommendations given in European guidelines 

EN12350-1 as per the dimensions. The equipment was set 

up on a firm ground with a receiving container below it. 

The V-shaped funnel in Figure 3 was dampened with no 

trace of water. With the bottom of the funnel kept shut, the 

funnel is filled with concrete without any agitation when 

filled and levelled. Subsequently, the funnel gate is opened 

and the interval between when the gate was opened and 

when we could see vertically through the funnel was taken 

as the flow time measured in seconds.  

 

 
Figure 3. V-Funnel apparatus filled with fresh concrete. 
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1 7.45 11.76 10.29 5.55 7.32 500 7.50 0.80 9 33.50 

2 7.45 11.76 10.29 6.55 7.32 590 6.20 0.81 10 28.10 

3 7.14 9.96 8.71 6.32 6.93 610 4.20 0.84 10 24.60 

4 7.55 9.96 8.71 6.68 7.33 640 2.10 0.93 11 36.10 

5 7.96 9.96 8.71 7.05 7.73 750 1.50 1.00 12 23.70 

6 14.10 9.96 8.71 6.32 0 615 2.50 0.89 16 34.70 

7 13.36 9.96 8.71 6.68 0.70 630 2.10 0.92 16 39.90 

8 12.66 9.96 8.71 7.05 1.41 642 1.50 0.96 16 31.10 

 

Passing- ability characteristic of SCC 

The fabricated L-box shown in Figure 4 is 

conformable to the specification given in European 

standard and is used to measure passing ratio between the 

depth of concrete in the L-box (H2) and the concrete depth 

behind the gate (H1). Fresh concrete sampled in line with 

EN 12350- 1 was poured into the L box vertical 

compartment and allowed it to stand for one minute. This 

is followed by the gentle opening of the gate for concrete 

to pass between the two smooth bars of twelve millimeters 

diameter with gap interval of 59 mm. At the end of the 

movement, vertical distances between the top of concrete 

and top of the horizontal portion of the L box were 

measured and the mean height of the concrete was 
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calculated. The ratio of H2/H1 gives the passing ability 

result of the L-box test. 

 

Sieve segregation resistance property of SCC 

A PVC cylinder was divided into three equal parts 

which were stacked together. Sampled concrete was 

poured into the stack of cylinders, ensuring they do not 

shift and allowed to settle for approximately 15 minutes. 

Once the time elapsed the cylinders were separated and 

placed on separate 4.75 mm sieves. After a waiting period 

of 120 seconds, the weight of the passed material is 

measured. This is followed with the calculation of 

segregation ratio which was taken as the fraction of the 

material that passed the sieve. The resistance of SCC to 

segregation was inspected visually and measured with 

sieve test.  

 

 
Figure 4 - L- box apparatus with SCC 

 

Compressive strength of SCC 

ASTM C39/C39 M (2021) standard was used for the 

determination of compressive strength of SCC. After the 

cast, the cubes are allowed to undergo a day rest and later 

transferred to the water tank for water curing until the 

testing date, which was carried out on 7, 14, and 28 days. 

 

RESULTS AND DISCUSSIONS 

 

Slump flow values of SCC 

The spread of SCC fresh concrete is measured from 

different directions with the values of average diameter 

reported in Table 1. All the mixes apart from TM1 met the 

specification for slump flow class range of (550 – 650 

mm) according to European guidelines. TM 5 falls into 

slump flow 2 (660 – 750 mm). For mixes 1 and 2 in Figure 

5, the slight increase in the slump flow was because of 

additional water, Table 1, however, slight reduction in 

cement content, copper slag and coarse aggregate with 

light increase in water resulted in increase in slump flow 

with optimal slump value of 750 mm. With drastic 

reduction in tailings and increase in cement content (mixes 

6 – 8) and at constant fine and coarse aggregates 

respectively, there was also increase in slump flow values. 

Mix numbers 2, 3, 4 and 5 yielded good slump values and 

this could be attributed to a well-balanced mix 

proportions.  

 

 
Figure 5. Slump Flows values for mixes 

 

Filling-ability result of SCC 

TM1 to TM 8 conformed to criteria of less than 10 

seconds stipulated for funnel class VF 1, Table 1 and 

Figure 6 respectively. It was observed that flow time of 

concrete at constant fine and coarse aggregates was 

dependent on both tailings and cement. Also, it could be 

deduced that an increase in slump flow values is 

accomplished by reduction in the time taken, with the least 

time being 1.5 seconds for slump flow value of 750 mm.  

 

 
Figure 6. V-Funnel results for SCC mixes 
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Passing-ability values of SCC 

All the mixes met the specification for the passing 

ability requirement for PA1 class with 2 reinforcement 

bars according to EN 206-1: 2013, the highest value of 1 is 

recorded for TM5, Table 1 and Figure 7. Previously, TM5 

had been reported to have 750 mm slump flow and 1.5 

seconds for flow time. The amount of powder (tailings) in 

the mix and good spherical shape, and well graded copper 

slag play significant role in this. 

 

 
Figure 7.  L-Box result for SCC 

 

 
Figure 8. Compressive strength of SCC  

 

Sieve segregation resistance values of SCC 

From the physical observation, there was limited or 

no bleed water from the mix. When calculated in 

percentage, mixes 1 and 2 had the least segregation value, 

Table 1, the highest segregation values of 12, 13 and 14 

could be because of increase in cement content. In all, all 

the mixes have values that are below 20 according to 

European specifications.  

 

Compressive strength of SCC 

The trend of strength development is illustrated in 

Figure 8 across the curing age. The mixes with good SCC 

characteristics are marked with lower compressive 

strengths and this could be because of moderate high 

water-cement ratio in the mixes, tailings in the mixes only 

served as filler and not as binder.  

 

CONCLUSIONS 

 

This study has found that copper slag could be an 

excellent choice for making self-compacting concrete due 

to its rounded particles which aid in workability when 

fresh and its moderate strength when hardened. Ore 

tailings increase the flow ability however high quantity 

makes the concrete prone to segregation when fresh and 

weakens its strength when hardened. The mixes with 

slump flow values between 550 and 650 mm fall in SF1 

and can find their use in lightly reinforced or unreinforced 

concrete structures, structures with small sections and 

casting that involves pump injections. For other mixes 

above this limit (> 660 and ≤ 750 mm), they can be used 

for normal applications. In addition, the filling ability 

results indicated that SCC has inherent property to flow 

and fill the available space without any need for special 

vibration. The minimum passing achieved by all mixes 

indicated that the developed mixes could pass through 

obstructions without any blocking. From the visual 

inspection shows that the developed mixes were cohesive 

and homogeneous with limited amount of segregation. 

Lastly, the compressive strength reveals that the developed 

mixes could be used for varying project applications such 

as lightly reinforced or unreinforced concrete structures. 
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ABSTRACT 

Direct SPT-based pile design methods are very popular these days despite the fact that many of such methods are 

based on small databases of pile load tests. Due to the dependence of soil behaviour on geological setting and site 

specific conditions, it is possible that some of the methods do not produce good prediction of pile capacity. 

Accordingly this paper presents the evaluation of two SPT-based pile design methods in residual soils against a pile 

load test database from the Southern African region. The methods include the (i) Franki-SA method reported in 

Byrne et al. (1995) and (ii) Decourt Method (1995).  The pile load tests consist of 26 cases of bored piles in residual 

soil with each case accompanied by SPT measurements. The SPT measurements were used to calculate the 

predicted capacity in accordance with the procedure for each of the two methods while the pile load tests were used 

to determine the measured capacity. The findings of the evaluation indicate that the Decourt method is more reliable 

and accurate than the SA method. The poor performance of the SA methods suggests further studies to develop 

specific calculation factors for base and shaft capacities in residual soils.  

Keywords: SPT-based pile methods, Load Bearing Capacity, Pile Load Test, Chin extrapolation method, 

Terzhagi’s 10% criteria, Rank Index. 
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INTRODUCTION 
 

 

Pile foundations are commonly used to support heavy 

structures, where shallow foundations are not suitable. 

These foundations can withstand substantial tensile and 

lateral forces, deriving their load-bearing capacity from 

shaft and base resistance. The Standard Penetration Test 

(SPT) is a widely used and cost-effective field test for soil 

investigation, providing crucial data pile design. Notably, 

the SPT N-value is extensively utilized in designing 

structural foundations, especially for assessing pile bearing 

capacity (Meyerhof, 1976; Shioi and Fukui, 1982; 

Decourt, 1995; Robert, 1997).  

The interaction between piles and the surrounding soil 

presents a complex geotechnical challenge. Understanding 

this interaction is essential for ensuring the safety and 

performance of pile foundations. However, challenges 

persist in accurately predicting how piles will behave in 

specific soil conditions, particularly in contexts like 

residual soils, which exhibit heterogeneous and weathered 

properties. This knowledge gap underscores the need for 

efficient design methods and verification through pile load 

testing (Fellenius, 2018).The purpose of this paper is to 

assess the efficiency SA-SPT based pile design method in 

residual soils in comparison with the well-established 

Dercourt method.  

The pile load test dataset was obtained from the 

database reported in Dithinde et al. (2011). The Franki-SA 

and Decourt methods are commonly used for estimating 

pile capacities but rely on limited databases that may not 

fully represent Southern Africa's unique conditions. In 

today's safety-focused engineering industry, it is important 

not only to ensure the safety of design methods but also to 

quantify their accuracy. This study aligns with the 

approach advocated by Sandgren and Cameron (2002), 

aiming to assess the uncertainty of SPT empirical methods 

by comparing predicted pile capacities with actual 

measurements. By shedding light on the safety and 

economic viability of these design methods for pile 

foundations in Southern Africa, this research contributes 

to enhancing engineering practices in the region.  

 

MATERIALS AND METHODS 

 

Compilation of pile load test database 

The database contains essential data from full-scale 

pile load tests, soil profiles, and field tests, crucial for 

detailed load and resistance analysis. Pile load tests data 

was collected from various sources, mainly piling 

companies in South Africa, Botswana, Lesotho, Zambia, 

eSwatini, and Tanzania. Twenty-six cases were 

specifically selected for the study. The database includes 

three pile types: 

http://www.science-line.com/index/
mailto:dithinde@ub.ac.bw
https://orcid.org/0000-0001-7360-1585
https://orcid.org/0000-0002-4541-7438
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i. Expanded base (Franki) piles 

ii. Auger piles 

iii. Continuous Flight Auger (CFA) piles. 

Table 1 summarizes key information from the 

compiled cases, including pile descriptions, types, shaft 

and base diameters, and lengths. 

 

Frank-SA method  

The shaft and base pile capacities were computed by 

using the corrected N values in conjunction with factors 

obtained from Tables 2 and 3. There are different factors 

for shaft and base capacities depending on the type of pile 

and the soil conditions, etc.).  

 
Table 1. Pile cases descriptions 

Case No.     Pile type Shaft dia. (mm) Base dia.(mm) Length (m) 
SPT N-value 

Base  Shaft 

1 Auger 600 600 11.5 Ref. 80 

2 Auger 600 600 6.5 Ref. 15 

3 Franki 600 800 6.5 60 15 

4 Auger 610 610 9 100 20 

5 Auger 610 610 7 100 20 

6 CFA 750 750 13 100 20 

7 Auger 450 450 9 Ref. Ref. 

8 CFA 350 350 5 Ref. 20 

9 CFA 500 500 6 Ref. 20 

10 CFA 600 600 6 20 10 

11 CFA 450 450 6 100 20 

12 CFA 300 300 6 Ref. 20 

13 CFA 600 600 9.6 Ref. 20 

14 CFA 400 400 8.7 100 20 

15 CFA 350 350 8.7 60 20 

16 CFA 410 410 11 100 20 

17 Auger 615 615 12 32 28 

18 Auger 615 615 12 32 28 

19 Auger 610 610 7 90 70 

20 Auger 610 610 5 90 70 

21 Auger 500 500 7.8 Ref. 17 

22 Franki 450 600 15.5 40 13 

23 Auger 750 750 10.2 Ref. 35 

24 Auger 450 450 8 100 17 

25 Auger 450 450 8 100 17 

26 Auger 450 450 8 Ref. 12 

 
 

Table 2. Factors for calculating ultimate shaft capacity  

                           Pile 

 

Test 

Auger 
Auger 

U/S 
CFA Oscill. Precast Tube 

Franki 

Wet 

Shaft 

Franki 

Ram 

Shaft 

Forum 

Wet 

Shaft 

Forum 

Ram 

Shaft 

Piles in Non-cohesive Soils 

CPT qc 5 5 5 5 8 8 8 12 5 8 

SPT ‘N’ 2.5 2.5 2.5 2.5 4 4 4 6 2.5 4 

Max (kPa) 125 80 125 125 150 150 150 200 125 150 

Piles in Cohesive Soils 

CPT qc 10 10 10 10 15 15 15 30 10 15 

SPT ‘N’ 2.5 2.5 2.5 2.5 3.0 3.0 3.0 4.5 2.5 3.5 

𝛼 0.4 0.4 0.4 0.4 0.6 0.6 0.4 0.6 0.4 0.5 

Max (kPa) 150 80 125 125 150 150 150 200 125 150 
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Table 3. Factors for calculating base capacity  

                  Pile 

 

Test 

Auger 
Auger 

U/S 
CFA Oscill. Precast Tube 

Franki 

Wet 

Shaft 

Franki 

Ram 

Shaft 

Forum 

Wet 

Shaft 

Forum 

Ram 

Shaft 

Piles in non-cohesive soils 

CPT qc 0.5qc 0.5qc 0.5qc 0.5qc 1.0qc 1.0qc 1.2qc 1.2qc 1.0qc 1.0qc 

SPT ‘N’ 300 300 300 300 400 400 500 500 400 400 

Max (kPa) 8000 8000 8000 8000 20000 15000 15000 15000 15000 15000 

Piles in cohesive soils 

CPT qc 0.45qc 0.45qc 0.45qc 0.45qc 0.45qc 0.45qc 0.60qc 0.60qc 0.50qc 0.50qc 

SPT ‘N’ 50 50 50 50 50 50 60 60 50 50 

𝛼 9 9 9 9 9 9 9 - 20 9 - 20 9 - 12 9 - 12 

Max (kPa) 4500 4500 4500 4500 4500 4500 6000 6000 5000 5000 

 

Table 4. "α" Values 

Pile type α β 

 
Clay Sand 

Residual 

soils 
Clay Sand 

Residual 

soils 

Driven 1 1 1 1 1 1 

Bored piles (in general) 0.85 0.5 0.6 0.85 0.5 0.6 

Bored piles (with mud) 0.85 0.5 0.6 0.9 0.5 0.75 

CFA continuous flight auger 0.3 0.3 0.3 1 1 1 

Minipiles, without pressure grouting 0.85 0.5 0.6 1.5 1.5 1.5 

Pressure grouted minipiles 1 1 1 0.3 0.3 0.3 

 
The base and shaft resistance are calculated as per Eq. 

1 and Eq. 2 respectively. 

𝑄𝑏 = (𝑁1)60𝐹𝑏 ≤ 𝑞𝑚𝑎𝑥    [1] 

𝑞𝑠 = (𝑁1)60𝐹𝑠 ≤ 𝑞𝑚𝑎𝑥   [2] 

Where qb is the base resistance, qs is the shaft  

resistance, (N1)b is the SPT N-value for the base, (N1)s is 

the  SPT N-value for the shaft, Fb is  the pile base 

resistance factor (Table 4), Fs is the pile shaft resistance 

factor (Table 5) and qmax indicates the maximum allowable 

ile  capacity for the pile design situation.  

The ultimate pile base and shaft capacities were 

calculated as (Eq. 3 and Eq. 4 respectively): 

𝑄𝑏 = 𝑞𝑏𝐴𝑏       [3] 

𝑄𝑠 =  𝑞𝑠𝐴𝑠     [4] 

Where Qb represents base capacity, Ab is the cross-

sectional area of the pile base, Qb is: base capacity and As 

the surface area of the pile shaft. 

 

Decourt method 

The ultimate pile capacity using the Decourt Method 

was determined by following the method's key Eqs 5 -8 in 

conjunction with coefficient specific to soil types and pile 

types, as shown in the provided Table 4 and 5. 

 

For the base:  

𝑞𝑏 = 𝑘𝑏𝑁𝑏     [5] 

Where qb is the base resistance, kb is a coefficient 

specific to the type of soil and installation method, Nb is 

the corrected SPT value around the pile base. 

For the shaft:  

𝑞𝑠 = 𝛼(2.8𝑁𝑠 + 10)    [6] 

Where, qs is the shaft resistance, α accounts for the 

type of pile being used, Ns is the corrected SPT value 

around the pile shaft. 

The ultimate pile capacity (Qu)   was then calculated 

as follows: 𝑄𝑢 = 𝑞𝑏𝐴𝑏 + 𝑞𝑠𝐴𝑠          [7] 

 

Table 5. “k “ Values 

Soil type k (kPa) 

Clays 120 

Clayey silts (residual soils) 200 

Sandy silts (residual soils) 250 

Sands 400 

 

Determination of measured pile capacity pile  

The collected pile load test data were further 

processed by plotting load versus settlement to produce 

load-deflection curves. The load-deflection curves were 

then used to determine the ultimate pile capacity or 

measured capacity (Qm). However, majority of the test 

piles were working piles and therefore not tested to failure 

and requires extrapolation procedure to determine the 
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ultimate capacity e.g. (e.g. Chin, 1970 and 1971; Fleming 

1992; Decourt, 1999).  On account of its popularity, Chin 

extrapolation method was adopted for this study. 

 

Evaluation of performance of methods studied 

The performance of the methods were accessed by 

comparing their predicted capacity (Qp) to the measured 

capacity (Qm). The comparison was ahieved through (i) 

model uncertainty (M) statistics and (ii) best fit (Qfit and 

the associated coefficient of determination (R
2
). The 

model uncertainty or model factor (M) was determined 

from Eq. 8. 

𝑀 =
𝑄𝑚

𝑄𝑝
     [8] 

Where: Qm = pile capacity” interpreted from a load 

test, to represent the measured capacity; Qp = pile capacity 

generally predicted using Franki and Decourt method.  

In addition to the measure of centrality and dispersion, 

the mean (mM) and standard deviation (sM) of the model 

factor were considered as indicators of the accuracy and 

precision of the predication method. An accurate and 

precise method gives mM = 1 and sM = 0 respectively, 

which means that for each pile case, the predicted pile 

capacity equals to the measured capacity (an ideal case). 

However, due to uncertainties of prediction models, the 

results of an ideal case cannot be attained in practice. 

Therefore in reality, the method is better when mM is 

close to 1 and sM is close to 0.  In general when mM > 1, 

the predicted capacity is less than the interpreted capacity, 

which is conservative and safe whereas when mM < 1, the 

predicted capacity is greater than the interpreted capacity, 

which is not conservative and unsafe.  

The ‘best fit’ was based on the equation of the best fit 

line of predicted versus measured capacity with the 

corresponding coefficient of determination (R
2
). On the 

basis of regression analysis, the general equation of the 

best fit line is given by Eq. 9. 

𝑄𝑓𝑖𝑡 = 𝑏𝑄𝑝     [9] 

Where Qfit is the least squares average of the 

measured capacity corresponding to a given predicted 

capacity values; b is a regression constant denoting the 

slope of the line; and Qp is the predicted capacity. 

Associated with each regression equation is the 

coefficient of determination (R
2
). This is a statistical 

measure of goodness of fit between the predicted and 

measured values. More specifically, R
2
 measures the 

proportion of the total variance in the dependent variable 

explained by the independent variable. For the purposes of 

this paper, R
2 

was taken as a measure of the degree of 

agreement between the measured and predicted capacity. 

RESULTS AND DISCUSSION 

 

Predicted versus measured pile capacities 

Tables 6 present the results of predicted and measured 

pile capacities and Table 7 presents associated M-statistics 

for the both Franki and Decourt methods. Further analysis 

of Table 7 indicated that the Decourt method has a mean 

that suggests the predicted pile capacities are close to the 

measured pile capacities. In contrast, the Franki method 

has a mean that indicates the predicted capacities are 

significantly higher than the measured capacities. 

Additionally, the Decourt method has a lower standard 

deviation, indicating less scatter in the predictions. In 

contrast, the Franki method has a higher standard 

deviation, suggesting more variability in the predictions. 

The COVs are comparable even though the Decourt 

method has relatively a lower value. Overall, these results 

suggest that the Decourt method is more accurate and 

reliable for predicting pile capacity in residual soils. 

 

Table 7.  Summary statistics for the model factor 

Method N Mean Std. Dev. COV 

Decourt 26 1.01 0.50 0.50 

Franki 26 2.38 1.41 0.59 

 

Evaluation of performance through best fit 

Figures 3 and 4 present scatter plots of Qm Vs Qp for 

Decourt and SA method respectively. The best fit 

parameters (i.e. b and R
2
) are shown in Table 8. The 

Decourt method shows a better fit and stronger 

relationship between predicted and measured capacities, 

with ”b” of 1.44 and R
2
 of 0.71, indicating that 71% of the 

variability in measured capacity is explained by the 

predicted capacity. In contrast, the Franki-SA method has 

a lower (b = 0.97) and R
2
 of 0.20, meaning only 20% of 

the variability in measured capacity is explained by the 

predicted capacity, indicating a weaker relationship. Based 

on the evaluation results, the Decourt method is again 

better than SA method. The relative accuracy of the 

Decourt method has been reported by other researchers. In 

this regard, based on three rank index criterion results 

Henrina et al 2024 found that the best and efficient direct 

SPT method is the one proposed by Decourt. The 

relatively poor performance of the SA- Method is 

attributed to the fact that it does not have specific factors 

for calculating base and shaft capacities in residual soils as 

is the case with the Decourt Method. Therefore further 

studies for determination of SPT factors in residual soils 

for the SA method are required. 
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Figure 3. Scatter plot of Qm Vs Qp for Decourt method 

 
Table 8. Best Fit Parameters 

Method b R
2 

Franki 0.97 0.20 

Decourt 1.445 0.71 

 

 
Table 6. Predicted and Measured capacities 

  Predicted Capacities 

Case 
Measured  

Capacity 
Franki Decourt 

1 4700 3989 4779 

2 3000 1138 3150 

3 3000 1108 3053 

4 2850 1514 3431 

5 1920 1331 3285 

6 4700 2636 5632 

7 3100 1889 2603 

8 820 438 1008 

9 800 914 2223 

10 780 537 1323 

11 1230 781 1833 

12 1200 437 886 

13 3200 1531 3373 

14 1390 818 1609 

15 875 683 1277 

16 1600 1039 1882 

17 3100 2099 3131 

18 3100 2099 3131 

19 1595 2287 3928 

20 540 818 2391 

21 4970 4028 8325 

22 1950 2388 2872 

23 3320 3208 5976 

24 1600 834 1886 

25 1900 1212 3397 

26 2230 1078 3307 

 

 
Figure 4. Scatter plot of Qm Vs Qp for SA SPT method 

 

 

CONCLUSSIONS 

 

In conclusion, the evaluation of the Decourt and Franki 

methods for predicting pile capacity in residual soils in 

Southern Africa has revealed that the Decourt method 

provides better fit between the predicted and measured 

capacities. Furthermore, the SA method depicts high 

variability with mM = 2.36 and sM = 1.41 compared to the 

Decourt method with mM =1.01 and sM = 0.5. 

Accordingly the uncertainty shown by the SA method is 

too high for the method to be adopted for practical design 

of piles in residual soil.  

The poor performance of the SA method against the 

Data base is attributed to absence of specific base and 

shaft calculation factors for residual soils compared to 

Decourt method. Therefore further studies are required to 

develop specific SPT factors for design of piles in residual 

soils of Sothern Africa. 
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ABSTRACT 

Concrete and mortar usually found themselves in normal and harsh environments. The environment has great 

influence on the mechanical and durability behaviours of the concrete. In this study, fly ash was processed using 

circular economy concept and subsequently used as precursor for geopolymer mortar. The fly ash from Morupule 

power plant station has previously been characterized for its physical, chemical, and microstructural properties. 

Based on its suitability, the fresh and mechanical properties of the geopolymer mortar were carried out, and 

afterward, the durability behaviour is investigated in this study. The geopolymer mortar was formulated from the 

mixture of fly ash, sand and alkaline activators and cured thermally at 70°C. The behaviour of the geopolymer 

mortar in sulphuric acid solution, sodium sulphate solution, water absorption and fire resistance properties were 

simulated, and their loss in compressive strength and weight were determined. The laboratory experiment indicated 

that geopolymer mortars are highly resistant to sulphate attack, water absorption with moderate resistance against 

sulfuric acid and fire resistance. The effects of varying other parameters on the performance of concrete can be 

looked into in the future studies.  

Keywords: Geopolymer mortar, environment, durability, mechanical, fly ash, circular economy 
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INTRODUCTION 
 

The drive to have sustainable, environmentally friendly, 

and economical construction materials has shifted research 

focus to investigation of alternative construction materials 

for cement and aggregates. The research has led to the 

understanding that pozzolans are good replacement of 

cement in concrete and mortar production. There are some 

common pozzolans that have been embraced in the 

industry and currently being used to produce blended 

cement in some part of the world which include fly ash, 

ground granulated blast furnace slag and silica fume. 

These pozzolans have cementitious ability in the presence 

of lime. Pozzolans are known to be rich in silicon oxide 

and aluminum oxide and have binding qualities in the 

presence of alkali activators to produce geopolymer 

products through geopolymerisation process.  

The management of waste has some drawbacks due 

to the limited landfill for disposal and enhancing 

environmental pollution. On the other hand, construction 

materials produced using such wastes can lower the cost of 

construction materials. Hence, there is an awakening to 

investigate ways of turning these wastes into useful 

products that can enhance economy, innovation, and 

sustainable infrastructure. Some of the wastes that are 

generated massively in Botswana are fly ash, bottom ash 

and other mining wastes. The production of these wastes 

will be on the rise annually based on the energy demand 

and population increase, hence, more damage to the 

environment if different utilization strategies are not 

investigated. Therefore, the need to re-use and beneficiate 

the wastes (fly ash, copper slag, ore tailings, rice husk, 

blast furnace slag) that are pozzolanic in nature into useful 

resource is high.  

According to Cossu and Williams (2015), there is no 

unified definition to the word circular economy. However, 

there is a cutting-edge understanding which revolves on 

extending the life-span of the material. MacArthur (2014) 

and Pratt and Lenaghan (2015) applauded the application 

of circular economy to reducing utilization of primary 

material, preserving natural resources and cutting down 

carbon footprint. The other socio-economic benefits of 

circular economy have been identified to be increase in 

gross domestic products, EEA (European Environment 

Agency) (2016), and significant savings in primary 

resource and energy, Schulze (2016). Shilar et al. (2022) 

utilized granite waste powder in the range of (10 – 30%) 

as a substitute to GGBS to produce geopolymer concrete 

with the variation of molarity from 12 to 18 M. It was 

reported that workability and mechanical performance of 

GGBS replaced with GPC performed very well up to 20%. 

http://www.science-line.com/index/
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Huseien et al. (2018) worked on GGBFS geopolymer 

mortar modified with metakaolin for repair applications. 

With careful manipulation of the chemistry of binder 

oxides of Na2O: dry binder of 8% and ratio of SiO2 to 

Na2O of 1.16, early strength of 48 MPa was achieved at 

the age of 24 hours at ambient temperature. Various fresh 

and mechanical tests including shear bond attested that the 

product as potential repair applications. Zhang et al. 

(2021) analyzed mechanical performance of metakaolin 

fly ash based geopolymer mortar modified with nano-

silica and polyvinyl alcohol fibres. It was deduced that 

addition of nano silica to 1.5 % of the total binder 

improved compressive strength, elastic modulus and 

fracture energy.  

Thokchom et al. (2009) reported that geopolymer 

mortar in sulfur acid suffered severe attack in the loss of 

strength compared to its counterparts in nitric acid under 

the same working conditions. An article by Bakharev 

(2005) presented an investigation into durability of 

geopolymer materials manufactured using a class F fly ash 

(FA) and alkaline activators when exposed to 5% solutions 

of acetic and sulfuric acids. The results showed that some 

geopolymer materials made with sodium silicate and a 

combination of sodium hydroxide and potassium 

hydroxide as activators showed a notable reduction in 

strength. A paper by Kong et al. (2007) investigated the 

effect of elevated temperatures on geopolymers 

manufactured using metakaolin and fly ash of various 

mixture proportions concluded that the fly ash-based 

geopolymers have large numbers of small pores which 

facilitate the escape of moisture when heated, thus causing 

minimal damage to the geopolymer matrix. The strength 

increase in fly ash geopolymers is also partly attributed to 

the sintering reactions of un-reacted fly ash particles.  

This current work is focused on the coal fly ash 

from Botswana Power Plants located in Morupule, 

Botswana. Botswana is a country in the southern part of 

Africa with an estimated population of 2,352,000 million 

by United Nations as at 2020, United Nations (2019). The 

republic is endowed with enormous and diverse solid 

minerals including diamond and coal among many others, 

Figure 1 shows the spatial distribution of the minerals 

across the country.  

The energy company, Botswana Power Corporation, 

BPC was enacted in the year 1970 as a corporation 

responsible for generation, transmission and distribution of 

electric power, the functions she has been dutifully 

performed since inception. BPC, is a coal- based thermal 

plant located in Palapye town on 22.5515° S, 27.1147° E 

with generation installed capacity of 132 MW from 

Morupule A power station and 600 MW from Morupule B 

power station respectively.  The source of the coal for the 

two plants is Morupule Colliery Coal Mine (MCM) which 

is also located at the outskirt of Palapye. Botswana coal 

production, consumption, and coal ash generation are 

shown in Figures 2 and 3 respectively. 

This study is aimed at examining the durability 

properties of the fly-ash based geopolymer activated with 

alkaline activators. The mix design is developed for the fly 

ash which is followed with determination of the 

compressive strength and resistance of the geopolymer 

mortar in acidic, basic, water and fire conditions. 

 

 
Figure 1. Geological map of Botswana showing main 

minerals (Ranganai et al., 2015). 

 

 
Figure 2. Botswana coal production and consumption 

(Mst) (EIA, 2020). 
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Figure 3. Quantity of Fly and bottom ashes generated 

between 2012 and 2021 

 
MATERIALS AND METHODS 

 

The fly ash used for this study was sourced from 

Botswana Power Plant in Morupule, Palapye located at 

22.5515° S, 27.1147° E. The as-received fly ash was fine 

but later ground in a ball mill to obtain finer particles. The 

samples were further sieved with 75 µm sieve and tested 

for their inherent properties. The particle size distribution 

of the fly ash is shown in Figure 4 with d10 = 3.81µm, d50 = 

21.24 µm, and d90 = 51.43µm. The specific gravity and 

specific surface area are calculated as 2.52 and 0.74 m
2
/g 

respectively.  

The results of the chemical and mineral compositions 

of the fly ash as determined by XRF and XRD are given in 

Table 1 and Figure 5. The scanning electron microscopy 

micrograph in Figure 6 shows that the fly ash is spherical 

in shape.  

The fine aggregate used for the geopolymer mortar 

was sourced locally and was washed and oven dried for 24 

hours. The alkaline activators for this project are Sodium 

hydroxide of (97 – 100 %) purity and sodium silicate with 

14.7% Na2O, 29.4% SiO2 and 55.9% of water.  

 

 

 
Figure 4. Particle size distribution of fly ash 

 

Table 1. Chemical composition of the fly ash 

Oxides (%) (%) 0.09 

Fe2O3 8.75 P2O5 0.23 

SiO2 41.90 MnO 0.09 

Al2O3 32.24 Cl 0.02 

CaO 8.9 Cr2O3 0.05 

SO3 2.06 SrO 0.127 

K2O 0.75 ZnO 0.02 

MgO 0.94 ZrO2 0.14 

Na2O 0.44 - - 

 

 
Figure 5. Mineral composition of the fly ash 
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Figure 6. Scanning electron microscopy micrograph of fly 

ash 

 

Compressive strength of geopolymer mortar 

The geopolymer mortar mix design in Table 2 was 

earlier reported in Oyejobi et al. (2023), the production of 

geopolymer samples for the purpose of testing fresh and 

mechanical properties were also documented and 

illustrated in Figure 7. This procedure is followed by 

thermal curing at the temperature of 70°C for the period of 

24 hours and left at ambient temperature until the testing 

date. The universal testing machine is 2000 kN and the 

settings followed the recommendation in ASTM C109-

2020. At the end of 28 days, the samples were taken out 

for different durability tests which are outlined in the 

following sub-sections. 

 

Table 2. Geopolymer mix design  

Mix ID 1 

Fly ash (g) 423 

Sand (g) 1163 

Molarity 12 

Na2SiO3 127 

NaOH 85 

Na2SiO3/NaOH 1.5 

Alkaline liquid/Fly ash 0.5 

 

 
Figure 7. Production of geopolymer mortar 

Chemical resistance of geopolymer mortar 

The procedure in ASTM C267-06 was modified and 

used for simulation of test conditions like acidic 

conditions in real life. Highly concentrated sulphuric acid 

(98 – 100%) at 5% weight was adopted. To keep the acidic 

level, the solution was monitored and changed every week 

for the duration of 12 weeks. At the test date, weight of the 

sample was taken, and the weight change was calculated 

as: 

Weight change = [
𝐴−𝐵

𝐵
] ∗ 100…………………………… 1 

 

A = Weight of specimen after immersion (g) and  

B = weight of specimen before immersion (g).  

The appearance of the specimens was monitored, and 

the compressive strength determined.  

 

Resistance of geopolymer mortar to sulphate 

solution 

Sodium sulphate of molar weight of 142.04 g/mol 

was used to make 5% sodium sulphate solution. The 

specimens were immersed inside the solution for a period 

of three months. At the end of the immersion period, 

length change in the prism and resistance of the specimens 

to the sulphate were determined. This test modified the 

outline in ASTM C1012-09.  

 

Water absorption test for geopolymer mortar 

Percent absorption of geopolymer specimen was 

determined in accordance with ASTM C642-06. The 

geopolymer specimens after the end of 28 days were dried 

in an oven at a temperature of 105 ºC for a period of 25 

hours. After cooling, the geopolymer specimens were fully 

immersed inside the cold water for a period of 48 hours. 

Their masses were determined after surface-dried with 

towel and increase in mass was less than 0.5%. The 

absorption after immersion in percent was determined as  

Percent absorption = {
𝐵−𝐴

𝐴
} ∗ 100………………………. 2 

A = mass of oven-dried sample in air (g), B = mass 

of surface-dried sample in air after immersion, g. 

 

Fire Resistance of Geopolymer Mortar 

A laboratory furnace with maximum temperature of 

1500ºC was used to test the fire resistance of the 

geopolymer specimens. Specimens were subjected to 

temperature of 500, 700 and 1000 ºC respectively at the 

heating rate of 5 ºC per minute. This is in accordance with 

methodology given by RILEM 129-MHT (2020) 

recommendation. The temperature was maintained for a 

period of 2 hours, thereafter, the samples were allowed to 

cool down for 5 hours. The mass of the specimens before 

heating and after heating were noted before the 

compressive strength was determined.  
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RESULTS AND DISCUSSIONS  

 

Compressive strength of geopolymer mortar 

The compressive strength of geopolymer mortar is 

shown in Figure 8 with 52 MPa at 28 days. This value is 

equivalent to 52.5 MPa for Portland cement and the binder 

is suitable for construction. In addition, early gain strength 

is observed at day three with insignificant reduction of 4% 

at the 28 days. The strength gain can be attributed to good 

proportion of silica oxide and aluminum, high specific 

surface area of the fly ash which when combined with 

alkaline activators, they formed right geopolymer matrix. 

  

Result of water absorption of geopolymer mortar 

The response of the geopolymer mortar in terms of 

water absorption and reduction in compressive strength is 

shown in Figure 9. As the days of sample immersion in 

water progresses, there was a corresponding increase in 

water absorption which subsequently lead to reduction in 

the compressive strength at 28 and 56 immersion days, the 

percent of water absorption was almost the same with a 

slight drop in strength. This suggests that the pores have 

been fully saturated with maximum percent water 

absorption less than 6% and almost 2% reduction in 

compressive strength at 56 days. 

 

Result of resistance of geopolymer mortar to 

Sulfuric acid 

At 5% acidic solution, the resistance of the 

geopolymer mortar over 90 days immersion period is 

reported in Fig. 10. The weight loss under the attack of 

acid solution was marginally small and increased with 

time. This could be attributed to densified mixture which 

was characterized with low water absorption. In Sata et al. 

(2012), a weight loss between 1.4 to 3.6% depending on 

the precursor but this was much lower compared to range 

of 77.2 to 95.7% as recorded for blended cement and 

Ordinary Portland Cement (OPC) mortar. A lower mass 

loss was credited to the stability of aluminosilicate 

framework in (Yang et al., 1996). There was a drop in the 

compressive strength over the immersion period with (%). 

These percentage reductions were much lower when 

compared with ordinary Portland cement-based mortar. In 

Djobo et al. (2016), 60% loss in strength was reported for 

volcanic based geopolymer mortar. Hence the resistance 

could be said to be a function of precursor characteristic.  

 

Result of resistance of geopolymer mortar to 

Sodium Sulphate solution 

In sodium sulphate solution, there was no change in 

colour, and the structural integrity was maintained. The 

result in Figure 11 follows the same trend with 

geopolymer response to sulphuric acid; however, the 

reduction in strength and loss of weight were much lower 

in sodium sulphate solution compared to Fig. 10. This 

shows that geopolymer mortar has higher resistance to 

basic attack.  

 

Result of resistance of geopolymer mortar in 

elevated temperature 

The geopolymer samples show visible cracks when 

exposed to fire resistance. In Fig. 12, the weight loss at 

500 and 1000ºC were higher compared to 700ºC. The 

geopolymer product formed at 700℃ could be regarded to 

be more stable and behaved like ceramic and at a 

temperature beyond 700ºC, there was thermal expansion 

which resulted in the significant loss of compressive 

strength.  

 

 
Figure 8. Compressive strength of geopolymer mortar 

 

 
Figure 9. Effect of water absorption on the compressive 

strength 
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Figure 10. Resistance of geopolymer mortar to sulfuric 

acid 

 

 
Figure 11. Resistance of geopolymer mortar to sodium 

sulphate solution 

 

 
Figure 12. Resistance of geopolymer mortar in elevated 

temperature 

CONCLUSIONS 

 

The raw fly ash was re-engineered using circular economy 

concept and the performance of the fly-ash based 

geopolymer is reported as follows: 

The fly ash from Morupule power plant is 

characterized and classified as Class F based on its 

properties. 

The geopolymer binder performed excellently in 

terms of compressive strength with maximum compressive 

strength of 52 MPa. 

In hierarchy of resistance in simulated service 

conditions, it is of order of water absorption, sulphate 

attack, acid attack, and elevated temperature with 

maximum residual strengths of 98%, 85%, 69% and 46%, 

respectively. 

The recycling of industrial waste from Botswana 

Power Corporation requires lesser energy for binder 

production, saves environment from pollution and 

degradation and found suitable, sustainable and durable 

for the use as construction material. 
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ABSTRACT 

Quality assurance of construction materials is very fundamental for structural safety, reliability, serviceability, and 

durability of constructed civil infrastructure. Inflow of defective or substandard building and construction materials 

into the industry, particularly reinforcing steel bars, is responsible for many structurally deficient constructed 

facilities which often lead to failure or ultimate collapse of reinforced concrete (RC) structures. Characterization of 

steel rebars from two major manufacturers into Botswana construction industry, designated herein as M1 and M2, 

were conducted as a basis for the evaluation of the quality assurance and control of the products. The flexural 

behaviour of their respective RC beams, designated herein as B-M1 and B-M2, of dimension 150 × 200 × 3000 mm 

and subject to four-point loading tests were determined under normal and artificially induced corrosion conditions to 

assess the influence of steel rebars M1 and M2 on the stiffness and load-carrying capacity. The average yield 

strengths of steel reinforcing bars were 427 N/mm2 for M1 and 459 N/mm2 for M2.  The moduli of elasticity for M1 

and M2 were 203 GPa and 205 GPa, respectively. The percentage elongation was found to be 7.93% for M1 and 

7.24% for M2. The flexural strength of beams reinforced with M1 was 7% and 16.5% lower than RC beam with M2 

under normal and accelerated corrosion of 5% of NaCl solution for 60 hours condition, respectively. The flexural 

behaviour of RC beams reinforced with B-M1 had a lower flexural strength under both normal and corrosive 

environmental conditions as compared to B-M2. The flexural strength of B-M1 had reduced from 48.5 N/mm2 to 

41.0 N/mm2, while B-M2 reduced from 52.2 N/mm2 to 49.2 N/mm2. This represented loss of load-carrying capacity 

of 15.4% and 5.8% for B-M1 and B-M2 respectively due to exposure to corrosive environment. The findings 

revealed disparity in bending capacity due to the low interfacial bonding due to reduced relative rib areas. A more 

intensive quality control of imported steel should be ensured at the ports of entry by relevant regulatory agencies. 

Keywords: Flexural capacity, Sfiffness, Reinforcing bars, Relative rib area, Interfacial bonding, Accelerated 

corrosion, Ultimate load. 
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INTRODUCTION 

 

Concrete, generally regarded as the oldest and most widely 

used construction material, plays a vital role in global 

infrastructural development and economic growth 

(Adewuyi et al., 2015). The preference for reinforced 

concrete (RC) as a construction material is influenced by 

its durability and fire resistance, structural versatility and 

formalility, and the complementary properties between the 

reinforcing steel bars and concrete (Makul, 2020). 

Extensive studies have been carried out to investigate 

flexural behaviour of RC beams using three- or four-point 

loading with identical geometric dimensions and steel bar 

specimens (Qui et al. 2022; Adewuyi et al. 2015; 

Djamaluddin 2013; Li et al. 2020; Kim & Kim 2019; 

Ignjatovic et al. 2013). However, research gaps on this 

subject are yet to be filled to compare the performance of 

different reinforcing steel bars from different 

manufacturers in tension and flexure, and under the 

influence of progressive corrosion, hence the need to do 

this study. Studies on flexural behaviour of RC elements 

are primarily focused on the failure modes, first cracking 

load, ultimate load, deflection, stiffness, ductility and 

crack pattens.  

The process of corrosion of the reinforcements is 

recognized as the most predominant degradation 

mechanism of RC structures that leads to structural 

deterioration and functional failure (Verstrynge et al., 

2022). Corrosion of reinforcing bars progressively and 

ultimately reduces capacity and the residual service life of 

the structure, thereby creating huge economical loss and 

environmental problems (Kunawisarut et al., 2024). Its 

enhancement of the RC section ductility is often as the 

expense of their long-term performance in the form of the 

loss of flexural strength, deformation behaviour, bond 

strength and different cracking modes (Peng et al., 2021). 

http://www.science-line.com/index/
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The products of corrosion process are a complex 

mixture of iron oxides, hydroxides and hydrated oxides 

that progress based on the local environmental condition 

(Adewuyi et al. 2022; Rodrigues et al., 2021). Early 

detection of corrosion and prompt maintenance could help 

reduce the life cycle cost thereby extending the service life 

of structures. Embedded steel rebars in concrete are often 

secured against corrosion during the service life of the 

structure by providing adequate nominal cover since 

concrete is both durable and resistant against corrosion 

and fire (Fouad et al., 2016). The progressive corrosion of 

RC flexural structures is illustrated by a uniform 

dissolution of the whole surface as shown in Figure 1a or 

by a local attack which is called ‘pitting’ corrosion when it 

is much localized as shown in Figure 1b. It may also 

manifest at the microscopic level as ‘inter- or trans-

granular’ (Figure 1c) attack when metal grains are very 

locally affected.  

 

 
Figure 1. Categorization of corrosion of steel rebars as (a) 

carbonation, (b) chloride attack and (c) stress corrosion 

cracking. 

 

Recent studies on corrosion of reinforcement in 

concrete structures were reported extensively in literature 

(Almusallam 2001; Bertolini et al. 2013; Hunkeler 2005; 

Patil et al. 2017). The effect of corrosion of reinforcement 

to tension stiffening results in local reduction of cross-

sectional area of tension reinforcement leading to 

reduction of its stiffness, bond strength and therefore the 

change contribution of concrete in tension between cracks 

(Huang et al., 2020; Li et al., 2018, Wei et al., 2018).  

The aftereffects of corrosion damage on the 

mechanical properties of the steel reinforcement are 

significant and adequately reported by Apostolopoulos & 

Papadakis (2008). Corrosion in reinforced concrete 

structures first manifests in the form of deterioration of 

steel bars in terms of loss of tensile and bond strengths, 

erosion of ribs, which weakens its ability to transfer the 

tensile stresses from concrete to steel. The progressive 

deterioration also extends to the surrounding concrete and 

manifests in the form of spalling of concrete cover because 

of the expansion of the corrosion products. The composite 

action of the steel and concrete is ultimately weakened by 

the loss of the interfacial bonding initiated by the lubricant 

effect of the corrosion products and by cracking of the 

concrete cover (Adewuyi et al. 2022; Maaddawy et al., 

2005).  

The strength and fracture behaviour of concrete are 

progressively affected by crack width and pattern, 

connectivity, and torsion. Timely and accurate diagnosis 

of these parameters helps to estimate the level of damage 

and reliably predict the residual service life of concrete 

(Brandt and Jozwiak-Niedzwiedzka, 2012). The stresses in 

the reinforcement at the cracked section at various load 

stages is a measure of the incidence of uniaxial tension 

and flexural cracking (Soltani et al., 2013). Hence, 

progressive cracking and loss of steel-concrete interfacial 

bonding in the form of slippage of steel rebars worsen the 

serviceability requirements of RC beams, and even much 

more by corrosion of reinforcement (Li et al., 2018; 

Siddika et al., 2020; Ballim et al., 2003). 

Most short-term experimental studies on durability 

assessment of RC beams were based on accelerated 

corrosion. Since corrosion is a time-dependent 

phenomenon, accelerated laboratory corrosion tests are 

adopted to assess the effects of corrosion on the 

performance of RC structures in terms of the duration of 

exposure as well as the severity of the environmental 

conditions (Altoubat et al., 2016; Ballim et al., 2003; 

Fernandez et al., 2016; Malumbela et al., 2009; Słowik 

2018, Zhang et al., 2018). Extensive studies have been 

conducted to monitor the effects of corrosion on various 

structural performance characteristics of RC flexural 

members such as mass loss, load-deflection pattern, 

stiffness and bond strength under ultimate load testing 

conditions. Ballim et al. (2003) reported 40–70% increase 

in deflections of tested beams relative to the deflection of 

the corresponding control samples when up to 6% of the 

mass of steel bars was lost to corrosion. 

Maaddawy et al. (2005) found a 22% faster crack 

width propagation under sustained loading conditions than 

in an unloaded condition. It was reported that 8.9% and 

22.2% rebars mass loss produced 6.4% and 20.0% strength 

loss, respectively. Fernandez et al. (2016) confirmed an 

increase in deflection and ductility in all corroded RC 
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beams under sustained service loading conditions during 

the corrosion phase. Yoon et al. (2000) recommended that 

the influence of service load on the structural performance 

of RC beams should be considered in combination with 

material properties and environmental conditions. 

This study was primarily aimed at comparatively 

assessing the influence of M1 and M2 steel rebars on the 

flexural behaviour of RC beams, herein designated as B-

M1 and B-M2, under normal and artificially induced 

corrosive environments. Better understanding of the 

relationship between the corrosion of rebars and integrity 

RC structures is essential to assist owners and managers of 

large-scale constructed concrete infrastructure to map out 

plans for maintenance and repairs strategies and efficient 

deployment of limited financial and human resources.  

 

MATERIALS AND METHODS 

 

The concrete used in this study consisted of PPC 

BOTCHEM cement of grade 32.5R of relative density 3.0. 

Coarse aggregate of 19 mm maximum nominal size and 

crusher dust as fine aggregate were sourced from Kgale 

Quarry Site. The water/cement ratio of 0.55 was adopted 

in the concrete mix. Twelve samples of simply supported 

RC beams each of dimensions 150 mm × 200 mm × 3000 

mm of 30 N/mm
2
 target concrete compressive cube 

strength at 28th day were cast, cured and tested for the 

experimental study. The beams were reinforced with M1 

and M2 steel reinforcements and detailed as shown in 

Figure 2 and subjected to a sustained service loading to 

investigate the flexural behaviour under normal and 

artificially induced accelerated corrosion conditions.  

 

 
Figure 2. Four-point loading bending test setup for RC 

beams.  

 

The beams were reinforced with three bars of 12 mm 

(3Y12) diameter high yield strength deformed (HYSD) 

steel bars at the tension zone, and 2 bars of 8 mm (2Y8) 

diameter hanger bars at the compression zone. The 

concrete nominal cover to longitudinal bars and shear 

links was 20 mm. Two-legged vertical shear stirrups of 8 

mm nominal diameter size were provided at 125 mm 

centres (Y8@125 mm). After casting and demoulding of 

concrete, all the test specimens were subjected to a 28 

days of continuous curing condition at room temperature 

prior testing to ensure sufficient degree of hydration of the 

cement paste. The protruded rebar portions for the purpose 

of electrical connection for the accelerated corrosion 

procedure, were covered in 2 layers of insulating tape to 

prevent them from getting in contact with curing water and 

remain non-corroded. 

Six RC beam specimens, three of which were 

separately reinforced with M1 and M2 steel rebars, were 

subjected to four-point bending test procedure under 

normal exposure condition. For the remaining six beams, 

three beam specimens were separately reinforced with M1 

and M2 steel rebars. The three embedded tension rebars 

were separately subjected to an artificially induced 

accelerated corrosion process comprising a passage of 

constant current of 0.5 A through a DC power supply for 

the period of study. The lateral deflection under varying 

load intensity on the RC beams were measured by three 

dial gauges with accuracy to 0.01 mm and displacement 

transducers placed at the mid-span and at 950 mm from 

either supports and subjected to a sustained service load 

corresponding to 12 percent of the ultimate load for a 60-

hour exposure duration and subsequently loaded 

progressively to failure. The beams were tested for four-

point loading in a flexural testing frame. Line loads were 

applied equally at the third-points to either supports via the 

rollers from the load from the hydraulic jack centrally 

applied to a channel steel beam as shown in Figure 2 in 

accordance with ASTM C78 (2018). Crack microscope (of 

0.02 mm resolution) was used to measure crack widths on 

the concrete surface under load increment. Crack length 

and width, on the other hand, were measured using crack 

metre as the applied load was progressively increased at a 

uniform load rate. The same procedure was employed 

under corrosive exposure condition. 

A pond of size 150 × 700 × 50 mm placed at the top 

of the middle-third of the beam and containing 5% sodium 

chloride (NaCl) solution to accelerate corrosion process of 

the RC beams. A stainless-steel cathode was fixed on top 

of the beam over the length of 700 mm as shown in Figure 

3. The brine, that is NaCl, solution was changed after 

every 3 hours to maintain the concentration of the aqueous 

solution. After sixty hours, dial gauges were set to zero, 

took off the pond and tested beam for flexural behaviour 

by loading beams at intervals of 0.25 tons using a 

hydraulic jack. Current-induced corrosion flowed from the 

positive terminals of the DC power supply to the tension 

reinforcements, and then through the saturated concrete 
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and sodium chloride solution to the stainless-steel plate 

which was connected to the negative terminals of the DC 

power supply. Tests were run by monitoring sustained 

load first for 60 hours to ensure that corrosion initiation 

takes place. Deflection and cracks of the RC beams were 

monitored under the sustained load. 

 

 
Figure 3. Pond placed and sealed at the center of the beam 

for accelerated corrosion. 

 

 

RESULTS AND DISCUSSION 

 

Flexural behaviour of RC beams with M1 and M2 

rebars in a non-corrosive environment 

The load-deflection plots in Figure 4(a) shows higher 

deflection at midspan, where B-M1 recorded a maximum 

deflection of 39.8 mm at midspan and 35.4 mm at one 

third point at an ultimate failure load of 63.8 kN. Beam B-

M2 had a higher load carrying capacity of 68.7 kN with a 

corresponding deflection of 34.5 mm at midspan and 34.1 

mm at one third point. The higher failure load recorded in 

B-M2 than B-M1 could be attributed to the higher yield 

strength of 459 N/mm
2
 for M2 compared to the 427 N/mm

2
 

recorded for M1. During the progressive loading-initiated 

cracking, B-M1 had its first cracking load at 17.2 kN, 

while B-M2 experienced early cracking at 9.8 kN. This 

was almost twice the first cracking load of B-M1. Loss of 

flexural rigidity of the all the beam specimens was obvious 

after the occurrence of the first crack, and each specimen 

began to exhibit a lower second order stiffness and entirely 

different structural behaviours. The stiffness of B-M1 at 

midspan changed from 1.9 to 1.4 which was a slight 

change as compared to stiffness of B-M2 which 

significantly changed from 4.9 to 3.1.  

 

A similar trend at one third span was followed for 

both B-M1 and B-M2 as shown in Figure 4(b). The 

stiffness for B-M2 reduced by 67% after first crack hence 

bringing the total deflection to 34 mm which is closer to 

35 mm of B-M 1. Low load rate was employed in the study 

because it has been established by Li et al. (2018) that a 

higher loading level decreases flexural stiffness of RC 

beams, while a lower loading rate produces a relatively higher 

flexural stiffness. The ductility ratio of a flexural test is 

often determined as the ratio of the ultimate curvature to 

the yield curvature of a section. In this study, however, the 

ductility ratios were measured as a function of the ratio of 

deflection at ultimate load to the corresponding value at 

the instance of first cracks. The ratio of the first crack to 

ultimate failure were 26.9% and 14.3% for B-M1 and B-

M2 respectively. The ratio implies that B-M2 was more 

ductile since B-M1 could only resist load to about 73% 

and B-M2 about 86% after the first crack observation. 

Ridha et al. (2018) attributed the relatively lower values of 

ductility ratio recorded in the experimental programme to 

the brittleness of the tested RC beams.  

The mode of ultimate failure of B-M1 was flexural 

tension failure with crushed concrete in the compression 

zone. However, beams B-M2 had diagonal shear tension 

failure as shown in Figure 5. For the flexural failure 

scenario, there was a progressive deflection which began 

as a set of parallel tiny vertical cracks that progressed as 

the beam was subjected to a gradually increasing load and 

terminated as crushing of the concrete within the vicinity 

of the point of maximum moment (Li et al., 2018). 

However, in the case of shear mode of failure, the first 

crack appeared vertically on the side surface at the 

midspan of beams.  As the load increased at a slow, but 

constant rate, inclined or diagonal cracks were initiated at 

the shear-flexural zone near the support point, which 

incidentally the point of maximum shear, and gradually 

progressed toward the third point of load application. 

The ultimate failure occurred quite suddenly as the 

inclined cracks widened up from left end of the support 

and propagated towards the point of load application by 

the roller at the third point of the beam. The results of 

shear failure could be related to point load being shifted to 

the left since the load was applied manually by the jack. 

The shear span to depth ratio was higher which supports 

that the reinforcement used was sufficient to resist shear 

(Abigaz, Liu & Yilachew, 2021). The shear failure could 

be related to reinforcement that was used for shear, had 

low rib height and no gaps which could temper with bond 

between concrete and reinforcement. 
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Figure 4. Load- deflection curves of RC beams embedded with M1 and M2 steel bars at (a) midspan and (b) one-third span. 

 
 

 

 

 
  

Flexural behaviour of corrosion-induced RC 

beams with M1 and M2 steel bars 

Deflection and cracks were monitored consistently at 

an interval of 3 hours for 60 hours. No cracks were 

recorded for all beams under sustained loading. This 

could be because the sustained load was lower than the 

initial first cracking load when non corroded beams were 

tested. Steel reinforcing bars embedded could have not 

corroded enough to cause any crack as the corrosion 

products are expected to expand and cause cracking of 

concrete beams. Deflection values were slightly low as 

shown in Figure6. The deformation of the RC beams 

under sustained loading is linearly elastic as revealed by 

the almost linear deflection- time graphs.  

The midspan deflection under sustained loading for 

M1 ranged between 0.715 mm to 0.978 mm at a rate of 
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0.0034 mm/hr, while the corresponding deflection for M2 

ranged from 0.878 mm and 1.104 mm with a slope of 

0.0041 mm/hr for the entire 60 hours duration. On the 

other hand, the deflection measurements at one-third 

points of beams M1 and M2 are practically comparable 

ranging between 0.369 mm and 0.576 mm at a rate of 

0.0037 mm/hr for the 60 hours monitoring duration. This 

shows that the corroding RC beams were still under elastic 

deformation hence slight changes in the first crack 

formation when the beams were then tested under third 

point loading until failure In overall, the flexural failure 

modes of the specimens which is common and highly 

recommended, was characterized by the yielding of steel 

rebars, multiple micro cracks, and lastly crushing which 

agrees to results obtained by Qiu et al. (2022). 

 

 
 

After 60 hours of sustained loading, RC beams were 

unloaded from the sustained loading then set dial gauges 

to zero so as to load beams from zero until failure load. 

The load-deflection plots for RC beams subjected to 

corrosion in Figure7 show relatively high deflection at 

midspan, where B-M1 had a failure load of 54.0 kN with a 

corresponding deflection of 47.3 mm at midspan and 41.1 

mm at quarter span whereas B-M2 had the highest failure 

load of 64.7 kN with a corresponding deflection of 41.8 mm 

at midspan and 38.5 mm at one third point. Steady load-

initiated cracking in which B- M1 had its first crack noticed 

at 12.3 kN, while B-M2 experienced its first cracking at 

14.7 kN. The rigidity of the beam test specimen decreased 

immediately after the first crack initiated. Afterwards, each 

RC beam test specimens began to have a different 

behaviour with a much lower flexural stiffness.  

 

 
 

The stiffness before first crack of B-M1 at midspan 

was twice smaller than stiffness of B-M2 hence low 

deflection for B-M1 than B-M2. The stiffness after first 

crack followed the same trend at midspan. However, at one 

third span, the stiffness for B-M1 was constant before and 

after first crack. The stiffness for B-M2 reduced by 50% 

after first crack hence reducing deflection at one third 

span. The percentage of the first crack load to the ultimate 

failure were both relatively low. B-M1 had 26.9% residual 

capacity after the first crack, while rattan RC beams had 

exhausted 14.3% of its load-carrying capacity after the 

first crack. 

With an increase in cracking and possible bond 

slippage there is increase the serviceability deflections of a 

reinforced concrete (RC) beam which has deteriorated 

Figure 6. Deflection of the RC beams under sustained 

loading at (a) the midspan and (b) one third span. 

(b) 

(a) 

Figure 7. Load-deflection curves of corrosion induced 

RC beams at (a) midspan and (b) one-third span. 
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because of corrosion of reinforcement (Ballim et al., 

2003). The failure mode of both B-M1 and B-M2 flexural 

tension failure with more cracks noticed at midspan and 

few at the outer span as shown in Figure7. The most 

significant failure modes in this study are the shear and 

flexural failures. However, flexural failure mode is 

preferred to shear failure due to brittleness and 

catastrophic failure form of the shear failure, because it 

allows the possibility of stress redistribution. Full 

advantage of the potential ductility of the RC members can 

be achieved by selecting geometric properties of concrete 

sections and tensile strength of steel reinforcing bars that 

would guarantee flexural failure mode instead of the 

sudden, brittle and catastrophic shear failure, which occurs 

with no advance warning of distress.  

 

Comparison of flexural behaviour RC beams 

embedded with M1 and M2 rebars at midspan under 

normal and corrosive induced environmental 

conditions 

The results of beams before introducing corrosive 

environment (M1-norm and M2-norm) and during induced 

corrosion (M1-corr and M2-corr) were compared in 

Figure8. The results showed an increase in deflection and 

decrease in ultimate load after beams have been exposed 

to corrosion. It was evident from the study that corrosion 

of the longitudinal steel rebars manifested in the form of 

mass loss and strength loss which reduced the slope and 

the geometric properties of the load-deformation curve of 

RC beams These translated into a general reduction in 

ductility, flexural stiffness, and bending strength. The 

bending strength of B-M1 reduced from 48.49 N/mm
2
 to 

41.04 N/mm
2
 while B-M2 reduced from 52.21 N/mm

2
 to 

49.17 N/mm
2
. 

This shows that B-M2 could resist failure in bending 

better than B-M1 even after beams were exposed to 

corrosion. This shows reduction in strength for B-M 1 and 

B-M2 to be 15.4% and 5.8% respectively in terms of 

percentage of corroded failure load to normal failure load. 

After subjecting RC beams to accelerated corrosive 

condition, the percentage ratio of the first crack load to the 

ultimate failure load for B-M1 decreased from 86% to 

65%, while B-M2 increased from 73% to 81.7%. 

Comparing the failure load values and deflection values, it 

is evident that the non-corroded steel-RC beam performed 

better in resisting bending than the corroded steel-RC 

beam, and thus demonstrating that corrosion adversely 

affects the flexural strength of reinforced concrete. In 

conclusion, a significant reduction in the load-carrying 

capacity and an inversely proportional increase in 

corresponding deflection. This invariably severely reduced 

the RC structural performance at various service load 

levels. The most technical factor that can be attributed to 

this deterioration trend was simply the loss of stiffness due 

to reduction in steel geometric cross-section as well as 

yield and ultimate tensile strength. It is quite clear that 

deflections are strongly influenced by corrosion of steel 

(Fernandez et al., 2016). This is because there is an 

increase in deflection as RC beams get exposed to 

corrosive environment for all the RC beams. 

 

CONCLUSION  

 

The flexural behaviour of RC beams reinforced with B-M1 

had a lower flexural strength for both normal beams and 

beams under corrosive environment as compared to B-M2. 

The flexural strength of B-M1 had reduced from 48.49 

N/mm
2
 to 41.04 N/mm

2
 while B-M2 reduced from 52.21 

N/mm
2
 to 49.17 N/mm

2
. This was proven by higher failure 

loads of B-M2. In addition, this links to high tensile 

strengths obtained in steel bar specimen of M2. The results 

showed a decrease in stiffness after first crack for all 

samples. The mode of failure experienced by 75% of the 

beams was flexural tension failure at ultimate failure load. 

The signs of this type of failure were development of 

cracks at the tension side of the beam which further extend 

to the compression side. These cracks are mostly vertical 

and located at the middle third of the beam. Great 

deflection is another sign of flexural tension failure as it 

was expected. One-quarter of the tested beams failed by 

diagonal tension shear without any warning of impeding 

failure. The research revealed that corrosion reduces the 

flexural strength and increases the ductility of RC beams. 

M2-RC beams exhibited higher strength compared to M1-

RC beams under the normal and corrosive exposure 

conditions. The loss of flexural capacity to similar 

exposure to corrosion for B-M1 and B-M2 were 15.4% 

and 5.8% respectively. This is partly connected to the 

slightly higher tensile strength and relative rib areas of M2 

reinforcing bars. 
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ABSTRACT 

Existing theoretical and empirical pile design methods cannot accurately model the complex interaction between 

piles and soil. Consequently, there is a growing trend towards utilizing machine learning techniques to better 

capture the nonlinear soil-pile interaction. This paper aims to predict the capacity of bored piles in cohesionless soils 

using a machine learning approach. The machine learning algorithm was trained using a database of 18 bored pile 

cases in non-cohesive soils and validated with a separate dataset of 8 bored piles in cohesionless soil. Moreover, the 

performance of the machine learning method was compared with that of a traditional pile design method (i.e., SA-

SPT method) in Southern Africa. The evaluation was based on the ratio of measured capacity to predicted capacity 

(Qm/Qp) statistics and the coefficient of determination (R2). The results showed an R2 of 0.89 for the machine 

learning method compared to 0.85 for the SA-SPT method, indicating the superior accuracy of the machine learning 

approach in predicting pile capacity. 

Keywords: Machine learning, SPT-based pile methods, Load Bearing Capacity, Full-scale Load Test, Chin 

extrapolation method, Terzhagi’s 10% criteria. 
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INTRODUCTION 
 

Pile foundations are vital for supporting critical and 

complex structures due to their ability to accommodate 

varying soil conditions and withstand both vertical and 

lateral loads. The reliability of structures supported by 

piles hinges upon the performance and behavior of these 

foundational elements, as emphasized by Zhang et al. 

(2020). 

Despite their importance, the interaction between soil 

and piles remains a highly complex and not fully 

understood phenomenon. Various theoretical and 

empirical methods, such as the Franki Africa method 

described by Johnson et al. (2001), have been developed to 

model soil-pile behavior. However, current procedures for 

pile design typically rely on semi-empirical approaches 

based on elastic theories and pile load test data. 

Assessing pile capacity in non-cohesive soils, such as 

sand and gravel, poses significant challenges due to their 

granular composition and unpredictable behavior. 

Traditional pile design methods (e.g. Meyerhof, 1976, 

Decourt 1995, etc.) oversimplify the complex soil-pile 

interaction and generally neglect factors like soil 

gradation, particle shape, and compaction. Generally the 

soil properties are determined using the standard 

penetration test (SPT). However, SPT has a number of 

limitations as stated by Seed et al. (1985) and Skempton 

(1986). The main limitation is the measured SPT-N values 

are not well related to the pile loading process. Pile load 

tests are commonly used to verify nominal resistances, but 

they can be costly and time-consuming. Moreover, the 

determination of pile capacity based on load-settlement 

curves lacks a single standard methodology, leading to a 

wide range of results and making pile design somewhat of 

a subjective exercise, as noted by Horvitz et al. (1981) and 

Shariatmadari et al. (2008).  

Given these challenges, there has been a recent trend 

toward leveraging machine learning techniques, as noted 

by Yago et al. (2021), to better model the intricate and 

nonlinear connections between piles and surrounding soil, 

reflecting their increasing adoption across various 

engineering applications. Shoaib and Abu-Farsakh (2023) 

emphasized the importance of carefully selecting input 

variables that influence the output, particularly in 

predicting ultimate pile capacity (Qp).  

 

 

MATERIALS AND METHODS 

 

Pile load test data 

The main input data in this study comprised of a static 

pile load tests database of 26 cases from Southern Africa 

(South Africa, Botswana, Lesotho, Mozambique, Zambia 

and Swaziland and Tanzania) along with the associated 

geotechnical data (soil profiles, field and laboratory test 

http://www.science-line.com/index/
mailto:dithinde@ub.ac.bw
https://orcid.org/0009-0003-5307-6877
https://orcid.org/0000-0002-4541-7438
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results).  The details of the test piles and associated 

geotechnical data are presented in Appendix 1. 

 

Determination of measured Pile Capacity 

The static pile load test field records were further 

processed by plotting the load versus the head deflection 

to produce load-deflection curves. The load-deflection 

curves were then used to estimate the ultimate pile 

capacity or measured capacity (Qm). However, majority of 

the test piles are working piles tested to a maximum load 

varying from one and half to two times the design load 

which limits the movement to which the pile head is 

subjected and requires extrapolation procedure to 

determine the ultimate capacity e.g. (e.g. Chin, 1970; 

Fleming, 1992; Decourt, 1999).  On account of its 

popularity, Chin extrapolation method was adopted for 

this study. The values of measured capacities were 

compared with the predicted capacities obtained from 

Machine learning model and direct Southern African SPT 

method. 

 

Development a machine learning model  

The study used a Multiple Linear Regression (MLR) 

model developed using the SPSS Modeler to determine the 

predicted capacities. The SPSS Modeler randomly 

subdivided the 26 pile cases into (i) 18 dataset for model 

training and (ii) 8 dataset for model validation. The dataset 

for model training was structured into two main 

categories: independent variables and a dependent 

variable.  

Independent variables encompassed factors believed 

to influence the pile's capacity, such as the length of the 

pile, area of the base and shaft as shown in Appendix 2. 

The dependent variable is the measured pile capacity 

obtained from pile load tests as previously described 

The stream flow in Figure 1 shows how the dataset 

was partitioned into model training (70%) and model 

validation (30%) sets.  After training, the MLR model was 

tested using the reserved testing set to assess its 

effectiveness in making accurate predictions on unseen 

data. The trained model was then applied to predict pile 

capacity by utilizing the adjusted coefficients in a linear 

equation, and the predicted pile capacity was analyzed and 

compared with the measured pile capacity. 

 

Validation of the developed model 

As previously mentioned, the developed Machine 

Learning model was validated using a randomly selected 

dataset of 8 piles cases. The regression coefficients 

derived from the 18 pile cases model training dataset were 

applied to predict the pile capacity of the eight (8) pile 

cases to validate the model's ability to extend its 

predictions to novel and unseen data. 

 

 
Figure 1. Stream flow diagram 

 

Performance of the machine learning method 

The performance of the MLR model was evaluated 

using statistical metrics, including coefficient of 

determination (R²) which is a measure of fit between the 

measured capacity and predicted capacity from ML model. 

Furthermore, performance was evaluated on the basis of 

ML model uncertainty statistics (Mean, Standard 

Deviation, and Coefficient of Variation) which are a good 

indicator of the accuracy and precision of predicted 

capacities. The model uncertainty or model factor (M) was 

determined from Eq. 1. 

𝑀 =
𝑄𝑚

𝑄𝑝
     [1] 

Where Qm  = “capacity” interpreted from a load test, 

to represent the measured capacity;  Qp = capacity 

generally predicted using machine learning model, and M 

= model factor. 

 

Comparison with the SA SPT method 

For the Southern Africa SPT Method (SA-Method), 

the ultimate pile capacity for both shaft and base for all the 

26 cases was computed using the following equations; 

𝑞𝑏 = (𝑁1)60𝑏𝐹𝑏 ≤ 𝑞𝑚𝑎𝑥    [2] 

 

𝑞𝑠 = (𝑁1)60𝑠𝐹𝑠   ≤  𝑞𝑚𝑎𝑥    [3] 

 

Furthermore, ultimate pile base and shaft capacity are 

determined by: 

 

𝑄𝑏 = 𝑞𝑏 ∗  𝐴𝑏 =  𝑞𝑏 ∗ (
𝜋𝑑2

4
)    [4] 

𝑄𝑠 =  𝑞𝑠𝐴𝑠 =  𝑞𝑠(𝜋𝑑𝑙)    [5] 
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𝑄𝑢𝑙𝑡 = 𝑄𝑏 + 𝑄𝑠 = 𝑞𝑏(
𝜋𝑑2

4
) +  𝑞𝑠(𝜋𝑑𝑙)  [6] 

 

Where Qult = ultimate pile capacity; Qb = base pile 

capacity; Qs = shaft pile capacity; qb = base bearing 

pressure; qs = shaft bearing pressure. 

 

 
RESULTS AND DISCUSSIONS 

 

Machine learning results 

The multiple regression equation derived from the 

SPSS Modeler was formulated in the form of Eq.  8, where 

the coefficients represent the contributions of each 

independent variable to the prediction of pile design 

capacity.  

 

Qp = -2641.984+30.112L + 66.468Nb +45.619Ns + 

3988.987Ab + 63.725As       [8] 

 

Where Qp: Predicted Pile Capacity, L= Length, Nb = 

SPTN for base, Ns = SPT-N for shaft, Ab =Area of base 

and As = Area of shaft 

The measured capacities (Qm) obtained and the 

predicted capacities (Qp) from the ML model are presented 

in Table 1. The ensuing model factors computed as per 

Eq.1 are also shown in Table 1. 

To gain better insight, the measured capacities were 

plotted against the predicted capacities as shown in Figure 

2. 

It can be seen from Figure 2 that the R
2
 is 0.90 which 

indicate an excellent fit between the predicted and 

measured pile capacities. On the basis of the R
2
, it can be 

inferred that the Machine Learning method predicts pile 

capacity with high accuracy.  

Further insight is shown by the summary statistics of 

the model factor which are also shown in Fig. 2.  At µ = 

0.99 and COV = 0.30, the ML pile capacity prediction 

method is relatively very good. The superiority of 

Machine Learning method in predicting pile capacity 

compared to traditional empirical methods has been other 

studies (e.g. Gomes et al 2021, Shoaib and Abu-Farsakh, 

2023).  

For example, Gomes et al reported that all machine 

learning techniques investigated obtained a root mean 

squared error (RMSE)  below 710, surpassing Meyerhof’s 

and Décourt-Quaresma’s semi-empirical methods, which 

both obtained RMSE values close to 900.  

 Table 1.  Qm and Qp  for ML model 

 

 

 
Figure 2- Scater plot of Qm Vs Qp 

 

Validation results 

The measured and predicted capacities for the 8 

validation cases together with the model factors are 

presented in Table 2. Furthermore, a plot of the measured 

versus predicted capacities is presented in Figure 3.  

Further analysis of Figure 3 shows an R
2
 of 0.74 which is 

good enough for geotechnical work. The Model factor 

statistics are even better at µ = 1.03 and COV = 0.24. This 

implies that the developed Machine Learning Model can 

be used to predict pile capacity for bored piles in non-

cohesive soils outside the current database. 

R² = 0.8999 

y = 0.9693x 

0
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0 1000 2000 3000 4000 5000

Q
p

 

Qm 

µ = 0.99 

ơ = 0.30 

COV = 0.30 

Case Qm Qp M = Qm/Qp 

1 1427 1647 0.866 

2 3319 3226 1.029 

3 3315 3265 1.015 

4 1224 992 1.234 

5 887 939 0.944 

6 1587 939 1.690 

7 1087 774 1.405 

8 1361 939 1.449 

9 990 884 1.120 

10 4706 4543 1.036 

11 1232 1647 0.748 

12 435 1307 0.333 

13 1136 1143 0.994 

14 653 541 1.205 

15 943 1064 0.886 

16 1695 1623 1.044 

17 1227 1397 0.878 

18 617 969 0.637 
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Table 2. Qm and Qp for validation cases 

Case Qm Qp m = Qm/Qp 

1 1055 1514 0.70 

2 1453 2110 0.69 

3 1483 1217 1.22 

4 1799 1458 1.23 

5 2375 2247 1.06 

6 3094 2878 1.08 

7 4606 3618 1.27 

8 3154 2988 1.06 

 

 
Figure 3: Scater plot of Qm Vs Qp for validation data 

 

Results for SA SPT-based method 

For comparison purposes, the measured capacities, 

predicted capacities and model factors of the SA- SPT 

based method are presented in Table 3. The R
2
 is 0.84 

(Figure 4) which is good but lower that that yielded by the 

ML method. However, the Model factor statistics at µ = 

0.87 and COV = 0.25 is slightly better, especially the COV 

which is a measure of variability. The key point here is 

that the results of the ML method are comparable with that 

of the well-established SA- SPT based method.  

 

 
Figure 4: Scater plot of Qm Vs Qp for SA SPT method 

Table 3: Qm and Qp for SA- SPT based method 

Case 
Measured 

pile capacity 

Predicted pile 

capacity 
M = Qm/Qp 

1 1427 1754.97 0.813 

2 3319 4583.09 0.724 

3 3315 3713.36 0.893 

4 1224 1088.5 1.124 

5 887 1192.31 0.744 

6 1587 1192.31 1.331 

7 1087 1134.12 0.958 

8 1361 1192.31 1.141 

9 990 1172.91 0.844 

10 4706 4860.7 0.968 

11 1232 1694.94 0.727 

12 435 1586.46 0.274 

13 1136 1321.98 0.860 

14 653 1014.73 0.643 

15 943 1528.82 0.617 

16 1695 1898.7 0.893 

17 1227 1448.27 0.847 

18 617 1216.49 0.507 

19 1055 1842.94 0.572 

20 1453 2242.7 0.648 

21 1483 1403.7 1.056 

22 1799 1467.71 1.225 

23 2375 4721.78 0.503 

24 3094 5721.56 0.541 

25 4606 9545.19 0.483 

26 3154 7954.32 0.396 

 

CONCLUSIONS 

 

A plot of Qm versus Qp for the Machine Learning approach 

yielded a high R
2
 of 0.9, which is an indication that the 

method is very accurate in predicting pile capacity. Model 

validation results produced R
2
 of 0.74 and model factor 

statistics of µ = 1.03 and COV = 0.24 which are very 

good. This implies that the developed Machine Learning 

Model can be used to predict pile capacity for bored piles 

in non-cohesive soils outside the current database. The 

results of the well-established SA-SPT method (R
2
 of 0.84 

and M- statistics of µ = 0.87 and COV = 0.25) is 

comparable to that of the ML method. 

For further research, it is recommended that more pile 

load test data be collected for both training and validating 

the Machine Learning Model. 
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Appendix 1: Pile load tests database 

Case Soil type 
Pile type 

Shaft dia. 

(mm) 

Base 

dia.(mm) 

SPT N-value 
Length 

(m) 

 Base  Shaft base Shaft  

1 
Medium dense 

sandy gravel 

Medium dense 

sandy gravel 
Auger 430 430 30 20 8 

2 Gravel Gravel Auger 600 750 30 20 9 

3 Gravel Gravel Auger 750 600 30 20 11 

4 Sand Sand CFA 360 350 29 14 7.8 

5 Sand Sand CFA 400 400 23 13 9.5 

6 Sand Sand CFA 400 400 23 13 9.5 

7 Sand Sand CFA 400 400 23 13 8 

8 Sand Sand CFA 400 400 23 13 9.5 

9 Sand Sand CFA 400 400 23 13 9 

10 Sand Sand Auger 520 520 38 38 16.5 

11 Sand Sand Auger 430 430 25 17 11.5 

12 Dense sand Sand Auger 450 450 25 15 9 

13 Sand Sand CFA 400 400 22 17 10 

14 Sand Sand CFA 400 400 19 16 7 

15 Sand Sand CFA 500 500 19 16 7.8 

16 Sand Sand CFA 500 500 22 17 10 

17 Sand Sand CFA 400 400 25 16 11 

18 Sand Sand CFA 400 400 24 13 9.2 

19 Sand Sand CFA 500 500 25 14 9.5 

20 Sand Sand CFA 500 500 26 17 11.8 

21 Sand Sand CFA 500 500 13 14 12.3 

22 Sand Sand CFA 500 500 13 13 14.5 

23 very dense sand Sand Franki 520 760 17 9 12 

24 Dense gravel medium sand Franki 520 760 17 14 15 

25 dense sand medium sand Franki 520 760 36 32 6 

26 very dense sand medium sand Franki 520 760 30 20 8 
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Appendx 2: Input data used in MLR Model 

Case No.  Length SPT N-base SPT N-shaft Area-base Area-shaft Qm 

1 8 28.5 19 0.15 10.81 1427 

2 9 28.5 19 0.44 16.96 3319 

3 11 28.5 20 0.28 25.92 3315 

4 7.8 27.55 13.3 0.1 8.82 1224 

5 9.5 21.85 12.35 0.13 11.94 887 

6 9.5 21.85 12.35 0.13 11.94 1587 

7 8 21.85 12.35 0.13 10.05 1087 

8 9.5 21.85 12.35 0.13 11.94 1361 

9 9 21.85 12.35 0.13 11.31 990 

10 16.5 36.1 38 0.21 26.95 4706 

11 11.5 23.75 17 0.15 15.54 1232 

12 9 23.75 14.25 0.16 12.72 435 

13 10 20.9 17 0.13 12.57 1136 

14 7 18.05 15.2 0.13 8.8 653 

15 7.8 18.05 15.2 0.2 12.25 943 

16 10 20.9 17 0.2 15.71 1695 

17 11 23.75 16 0.13 13.82 1227 

18 9.2 22.8 12.35 0.13 11.56 617 

19 9.5 23.75 11.9 0.2 14.92 1055 

20 11.8 24.7 17 0.2 18.54 1453 

21 12.3 12.35 14 0.2 19.32 1483 

22 14.5 12.35 13 0.2 22.78 1799 

23 12 16.15 9 0.45 19.6 2375 

24 15 16.15 14 0.45 24.5 3094 

25 6 34.2 30.4 0.45 9.8 4606 

26 8 28.5 19 0.45 13.07 3154 
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ABSTRACT 

The Manyana Village is divided into two types of soils. The center of the village is covered with sand that overlays 

clays from weathered dolerite whilst the eastern side is covered with exposed clays. Houses constructed on the 

eastern side of the village are prone to severe cracking attributed to the black cotton soils. The paper hints at shrink-

swell mechanism of black cotton soils as a possible explanation for the cracking observed on the houses. Three 

laboratory methods of identifying and characterizing expansive soils are discussed followed by use of Dynamic 

Cone Penetration (DCP) in field-testing as well as use of indicator tests and particle sizing in the laboratory. The 

experimental results have shown a high field moisture content of (18 to 27%) in the eastern part of the village which 

was three times larger than moisture content at the village center. The clays had a plasticity index range of 12% to 

30% with a clay content of 21% to 47% whilst the sandy areas were non-plastic with a clay content of at most 4%. 

The clay minerals identified from the samples tested were vermiculite, illite, kaolinite and montmorillonite. The soil 

samples from the village had low potential expansiveness whilst most samples on black cotton soil had a medium to 

high potential of expansiveness. The bearing capacity estimated from DCP data at depths of 1m throughout the 

village were 72 kPa to 275 kPa under dry conditions. A draft plasticity index map of Manyana village was produced 

based on the results of the investigation, the next step is to investigate the effectiveness of different soil stabilization 

methods for this area and taking in to consideration cost, durability and environmental impact. 

 Keywords: Black cotton soil, Cracking, Moisture content, Plasticity index, Bearing capacity. 
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INTRODUCTION 
 

Manyana village occupies 6.57 km
2
 of land of which 30% 

is covered with expansive soils (black cotton soil) and the 

other 70% is covered with silty sands. The area is 

relatively flat with the altitude above mean sea level 

varying from 1121 m on the north to 1142 m on the south 

(Figure 1). This flat land is surrounded by relatively low-

lying hill range to the south, west and northwest.  

Dolerite outcrops are exposed in the eastern part of 

Manyana area as in Figure 2. Fresh hand specimen of the 

dolerite is dark grey, medium to coarse grained with 

abundant plagioclase and 30% to 40% quartz content. 

Weathered parts of the dolerite were observed as greyish 

brown to light grey with dark brown to grey spots. 

Reddish brown weathered dolerite also does occur in the 

southern part of the area. There are no exposures of the 

dolerite in the village built up area. 

Alteration of the dolerite resulted in the formation of 

clay deposits (Key, 1983). The alteration process of 

dolerite into clays is greater in the village centre where the 

dolerite is in contact with the Manyelanong Hill formation, 

resulting in thicker clayey profiles. These clays are 

covered by transported sandy deposits from the nearby 

sandstone ridges, but clays are predominantly exposed in 

the eastern part of the village 

Many structures at Manyana Village experience 

extensive cracking of walls, flooring and all their 

respective masonry as shown in Figure 3. These cracks 

propagate from the ground to the roof levels, on the floors 

extending from wall end to wall end. The cracks range 

from hairline to aperture widths of as much as 50 mm and 

more. Manyana Village elders have called for assistance 

from various Government Organs. One such organ is the 

Department of Geological Survey who through a report by 

Ngonidzashe et al. (2014) attributed cracking of houses in 

the Manyana Village to the presence of clays associated 

with the weathering of dolerite. This was however, not 

substantiated by research and as such residents continued 

to experience the problem of cracking. It is therefore 

essential that substantive research be carried out to 

establish the cause of cracking of houses in the Manyana 

Village and develop a strategy to mitigate the problem on 

existing structures and how best to avoid it in future 

developments. 

http://www.science-line.com/index/
mailto:darriesmorule@gmail.com
https://orcid.org/0009-0008-4089-5300
https://orcid.org/0009-0008-4089-5300
https://orcid.org/0000-0001-6556-5553
https://orcid.org/0000-0002-5960-7822
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Figure 1. Altitude of the study area 

 

 
Figure 2. location of the village and outcrops around the 

village. Source: Google earth map 

 

 
Figure 3a. Plasticity Index map from the observed results 

 
Figure 3b. Overlaying of plasticity Index map on top of 

Manyana village 

 

Regarding clays in other parts of the world, Zornberg et al. 

(2008) characterised Eagle Ford clay for the design of and 

remediation of roadways constructed on poor subgrade 

materials. Zornberg et al. (2008) found that the clays have 

a Plasticity index of 47% and clay content was 97%. They 

found that 24 hrs was necessary for 1 cm specimen of 

compacted clay to swell to an equilibrium height in the 

centrifuge permeameter. 

 
MATERIALS AND METHODS 

 

The study intends to establish the cause of cracking of 

houses in the Manyana Village and develop a strategy to 

mitigate the problem on existing structures and how best 

to avoid it in future developments.  The tests were done in 

order to determine the characteristics of black cotton soil 

and to establish the geotechnical properties of black cotton 

soil prior construction. The first part of this work which is 

covered by this paper is characterization of black cotton 

soil in the area using field and laboratory tests as indicated 

in Table 1. The in-situ testing was carried out using a 

Dynamic Cone Penetration (DCP) apparatus whose values 

were used to predict the California Bearing Ratio (CBR) 

of the soil. During trial pitting the moisture condition, 

colour, consistency, structure, soil texture and origin of 

each layer of the soil profile (MCCSSO) as proposed by 

Jennings, Brink & Williams (1973) was used. 

 

Table 1. Activities done at the field and tests done at the 

lab 

Field Work Laboratory Tests 

In-situ testing (Using DCP) 
Grain Size Analysis 

Hydrometer 

Atterberg Limits 

Trial pitting and profile According to MCCSSO Moisture Content 

Use DCP to predict CBR Specific Gravity 
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Selection of sampling sites 

An area to be sampled was delineated into triangles 

and all the triangles were sampled in the centre as a 

representative of the delineated triangle. Figure 3a shows 

the sampling points. As shown in the figure, most 

sampling points were within the area covered with black 

cotton soil with two additional points within the village 

chosen as controls (AME 009 and AME 010). Quality 

assurance and quality control (QA/QC) of the results was 

carried out in the laboratory during analysis as where some 

of the tests were repeated to check the validity of the 

results. 

 

Field work  

Fieldwork entailed carrying out DCP tests at selected 

points and manually excavating test pits to depths of 

between 1 m and 1.5 m to obtain samples for laboratory 

testing. The DCP test was used to obtain a direct and rapid 

in-situ evaluation of the structural strength of the layers 

whilst the samples were to be used in the laboratory to 

determine pedological conditions and the possible 

presence of perched ground water bodies.  

Thirteen disturbed samples were taken from 

individual horizons from the test pits for geotechnical and 

mineralogical determinations and when it was found that 

different profiles were found within the same pit, samples 

were separated and labelled A and B as it can be seen at 

Ame 004, Ame 008 and Ame 010. 

The DCP test apparatus was assembled and placed at 

the test location with the initial penetration of the rod 

recorded to provide a zeroing scale. While holding the rod 

vertically, the weight was raised to the top of the rod 575 

mm above the anvil and dropped. The penetration of the 

rod was measured after each drop which was later plotted 

to give penetration in millimeters per blow (mm/blow). 

 

Sampling 

Disturbed soil sampling was used to sample as the 

horizons of the pit were critical in observing change in 

horizons inside the pit. These samples were labelled and 

sent to the laboratory for testing. The field observation of 

moisture condition, colour, consistency, structure, soil 

texture and origin (MCCSSO) of each layer of the soil 

profile was used as proposed by Jennings, Brink and 

Williams (1973). 

 

Sample preparation 

Samples were prepared in accordance with AASHTO 

T87-86. As per the AASHTO method, the samples were 

air dried for a minimum of 24 hrs then soil boulders were 

pulverized using rubber covered mallet.  A riffle box was 

then used to get representative samples. 

 

Standard laboratory tests on black cotton soil 

All the tests that were carried out are summarized in 

Table 2. 

 

Table 2. Activities or tests that were done 

Test Standard 

Moisture Content ASTM D 4643-08 

Particle Size ASTM D 422-63 (2007) 

Hydrometer ASTM D 422-63 (2007) 

Specific Gravity ASTM D 854-14 

Atterberg Limits ASTM D 4318 

 
RESULTS 

 

This section presents and discusses results from the 

experimental work. 

 

Moisture content 

Moisture Content was conducted as per ASTM 

D4643 – 08. Table 3 shows the moisture content of all 

sample pits from Ame 001 to Ame 010. The table shows 

sample pits that were sited on top of black cotton soil had 

high moisture content ranging from 10.6% to 27% with 

the lowest at Ame 008B and the highest at Ame 003 as 

compared to samples outside the black cotton soil region 

with moisture content ranging between 5.7% and 6.1% 

with the lowest at Ame 009 and the highest at Ame 

0010A.  It is likely that the samples located within the 

Black cotton soils contained more clay minerals than the 

samples located closer to the village as clay will absorb 

more water and take time to release it. The clay minerals 

by virtue of their relatively large surface area coupled with 

their net negative charge attract and retain more water 

(Knappett and Craig, 2012) hence the higher moisture 

content at sample pits that were sited on top of black 

cotton soil being three times higher than those located in 

sandy areas. 

 

Dynamic Cone Penetrometer (DCP) 

A total of ten DCP tests were conducted in the study 

area to complement information obtained from trial pits. 

The DCP penetration rates (mm/blow) allowed for 

estimation of the bearing capacity of in-situ soil horizons 

up to a depth of 1m. Figure 6 shows results for DCP tests 
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in terms of variation of penetration rates (mm/blow) with 

depth. The average penetration rates in most pits ranged 

between 24mm/blow and 17mm/ blow indicating soft to 

firm consistencies. This translates to the presumed 

allowable bearing capacities ranging between 72 kPa and 

275 kPa within the first 1m of the pits. At depths of below 

900 mm, almost all the samples had similar penetration 

rates that ranged between 16 and 18 mm/blow.  

Higher values of load bearing capacity are attributed 

to the presence some ferricrete nodules in some soils such 

as at Ame 008 and dense clayey materials with some 

weakly developed cementation in others such as at Ame 

001 Soils at Ame 010 contained loose aeolian deposits and 

therefore exhibited lower values of load baring capacity of 

below 60 kPa and penetration values that averaged below 

38 mm/blow. 

 

Grain Size Analysis 

Grain size test analysis was conducted as per ASTM 

D 422- 63 (2007). Figure 4 shows results of the particle 

size distribution of all the samples. The figure shows that 

at particle sizes of below 0.002, which is clay content, 

samples located on a region with black cotton soils had 

different percentages of clay content ranging from 21.4 % 

at Ame 008B and 46.8% at Ame 003A. At Ame 10A, Ame 

10B and Ame 9 which were within the village, the samples 

showed clay contents of 0, 0.2 and 4.2 respectively. It 

needs to be noted that AME 9 and 10 which are located at 

the village comprise about 80% of particle sizes between 

silty sand and clayey silt as observed from Figure 7. 

However the low content of clay sized particles (-2m 

size) means a low content of clay minerals and reduced 

likelihood to shrink and swell with moisture variations. 

Therefore, where these samples were found there were no 

signs of cracking to houses that were close, which can be 

attributed to low values of clay content. The results have 

also been summarized in Table 5.  

 

Atterberg limits 

Atterberg Limit tests were carried out as per TMH 1 - 

A1 to A3 testing procedures and the results are shown in 

Table 5. The liquid limit ranged between 33% at Ame 005 

and 59% at Ame 003A. The highest plastic limit of 33% 

was obtained at Ame 002 and Ame 005 whilst the highest 

plasticity index of 30% was obtained at Ame 004A and 

Ame 004B. The lowest plasticity Index were found at 

Ame 008B at a value of 12%. Linear shrinkage ranged 

between 6% at Ame 008B and 12.2% at Ame 003. 

Figure 3a shows a plasticity map from the results. 

The figure clearly shows that the plasticity index increases 

from the village towards the region with black cotton soil. 

The highest plasticity index is at Ame 004 with a value of 

30% and is represented by red colour. 

After calculating all the plasticity index of all the 

samples, the map for plasticity index values was overlayed 

on top of the Manyana Village as shown in figure 3b. 

From the figure, it can be observed that the black cotton 

covers close to 30 % of the village. Plasticity Index 

increases as one moves from the village towards the black 

cotton soil and the highest Plasticity Index was found at 

Ame 004, which is at the centre of the Black Cotton soil 

area. The two points (Ame 009 and Ame 010) that were 

within the village were at plasticity Index of 0 that showed 

the soil within the village is slightly plastic to non-plastic. 

At the boundary between the village and the black cotton 

soil area, it was observed that the plasticity index was 

ranging from 18% to 26%. It was also apparent that even 

houses close to the boundary had cracked because of the 

high plasticity index values. 

 

Specific gravity (Gs) 

Table 6 shows tests results for specific gravity. It 

ranged from 2.32 for Ame 001A to 2.66 for Ame 010B. 

From the results, soils with high Gs values had low clay 

content while those with high clay content had low Gs 

values. It was noted that some samples with high Gs values 

had some nodules of ferricrete which probably contributed 

to the high Gs values. 

 

Mineralogy 

The XRD test results in Table 7 show that all 

samples contained at least one clay mineral 

(Montmorillonite, Kaolinite, Illite, Vermicullite and 

Nacrite). The specific gravity of the minerals (Deer et. al, 

1992) are also given in the table. Montmorillonite as an 

expansive mineral was found more on Ame 001 at a value 

of 23% followed by Ame 007 at a value of 6% and traces 

of it was found in Ame 004 up to Ame 006. Clay minerals 

present in the samples which are overly expansive can lead 

to cracking of overlying structures. When all the clay 

minerals were grouped together it was observed that Ame 

001 had a high concentration at a value of 77% followed 

by Ame 002 with a value of 76%. Samples within the 

village were found to have clay content ranging from 0 to 

3%. From the clay minerals that were identified, it is 

concluded that the clay mineralogy could have led to 

cracking on houses that are constructed on top of soils 

containing the expansive minerals especially given the 

wetting and drying cycle. 
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Van der Merwe’s empirical method for the 

estimation of potential ground heave 

In order to classify samples using Van Der Merwe’s 

empirical methods, plasticity index was plotted against 

percentage of clay particles in Figure 9 to give a 

classification of heave potential curve (Van der Merwe, 

1964). The figure shows that samples fell in areas of 

possible high potential heave to areas of low potential 

heave. Ame 004A and Ame 004B samples plotted on high 

potential heave whereas Ame 008B plotted on the margin 

between low and medium potential heave. A further 

examination of the figure shows that the Van Der Merwe 

classification method relies on results from other tests 

such as the use of the results from Atterberg limits 

(plasticity index (PI)) and results from grain size for clay 

content. It follows then that any inherent weaknesses in 

those test results are transferred to the Van Der Merwe 

classification. 

 

Table 3. Moisture content of all the samples 

Sample No 
Ame 

001 

Ame 

002 

Ame 

003 

Ame 

004A 

Ame 

004B 

Ame 

005 

Ame 

006 

Ame 

007 

Ame 

008A 

Ame 

008B 

Ame 

009 

Ame 

0010A 

Ame 

0010B 

Moisture (%) 21.8 22.8 27.0 22.7 21.2 22.5 23.6 17.8 14.1 10.6 5.7 6.1 5.8 

 

Table 4. Particle size distribution of all the samples and USC System 

Sample No 
Ame 

001 

Ame 

002 

Ame 

003 

Ame 

004A 

Ame 

004B 

Ame 

005 

Ame 

006 

Ame 

007 

Ame 

008A 

Ame 

008B 

Ame 

009 

Ame 

0010A 

Ame 

0010B 

Gravel 0.9 0.7 0.0 2.4 2.0 0.6 0.1 0.4 0.6 0.2 0.00 0.0 0.0 

Sand 37.0 45.8 37.7 33.1 33.3 27.9 21.8 28.3 33.8 51.1 82.1 98.4 98.4 

Silt 28.9 21.3 15.5 29.2 29.5 27.4 37.2 32.5 35.1 27.3 13.7 16.0 14.0 

Clay 32.2 33.2 46.8 35.3 35.2 44.1 40.9 38.8 30.5 21.4 4.20 0.0 0.2 

USCS CL MH CH CH CH MH CH ML CL SC SM SP SP 

 

Table 5. Atterberg Limits results of all the samples 

Sample No 
Ame 

001 

Ame 

002 

Ame 

003 

Ame 

004A 

Ame 

004B 

Ame 

005 

Ame 

006 

Ame 

007 

Ame 

008A 

Ame 

008B 

Ame 

009 

Ame 

0010A 

Ame 

0010B 

Liquid Limit (LL) 48 57 59 58 57 51 51 46 36 33 NV NV NV 

Plastic Limit (PL) 26 33 31 28 27 33 26 28 21 21 NP NP NP 

Plasticity Index (PI) 22 24 28 30 30 18 25 18 15 12 NP NP NP 

Shrinkage 8.4 10.9 12.2 10.0 8.8 8.7 6.5 8.9 7.7 6.0 NP NP NP 

 

Table 6. Observed values or Specific Gravity of all the samples 

Sample No 
Ame 

001 

Ame 

002 

Ame 

003 

Ame 

004A 

Ame 

004B 

Ame 

005 

Ame 

006 

Ame 

007 

Ame 

008A 

Ame 

008B 

Ame 

009 

Ame 

0010A 

Ame 

0010B 

Specific gravity (g/cm3) 2.32 2.37 2.34 2.45 2.34 2.43 2.40 2.41 2.62 2.54 2.62 2.52 2.66 

 

Table 7. Mineralogy of all the samples 

 Specific 

Garivity 

Ame 

001 

Ame 

002 

Ame 

003 

Ame 

004A 

Ame 

004B 

Ame 

005 

Ame 

006 

Ame 

007 

Ame 

008A 

Ame 

008B 

Ame 

009 

Ame 

0010A 

Ame 

0010B 

Quartz 2.65 15 11 43 7 6 40 44 45 30 30 84 80 85 

Albite 2.62 - 6 - - - - - - - - 3 - - 

Actinolite 3.00 - 5 19 - - - 3 3  3 - - 2 

Kaolinite 2.65 - 32 - - - - - - - - - 1 1 

Montmorillonite 2.5 23 - 1 Traces Traces Traces Traces 6 3 3 - - - 

Illite 2.75 - 32  - - - - - - - - 2 - 

Vermiculite 2.30 54 12 2 - - - 13 6 11 15 - - - 

Nacrite 2.60 - - - 9 10 8 7 9 14 9 - - 2 

Calcite 2.72 8 2 35 4 2 - - - - - - 3 - 

Phlogopite 2.82 - - - 80 82 52 27 18 29 40 5 14 10 

Annite 3.30 - - - - - - 6 13 13 - 8 - - 
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Figure 4. Van Der Merwe classification of all the samples 

 
DISCUSSION 

 

The results of the field work and laboratory tests carried 

out under this study have shown that at the centre of the 

Manyana village where weathered dolerite derived clays 

are covered with sand the soils provide a better foundation 

for houses. The soils at the centre of Manyana village are 

non-plastic with a clay content of up to 4% and they have 

a low potential expansiveness and a relatively high bearing 

capacity. The soils on the eastern side of the village on the 

contrary are clays with plasticity index range of 12 to 30% 

and clay content of 21 to 47%. The soils exhibit a medium 

to high potential of expansiveness, a low bearing capacity 

as well as a high field moisture content (18 to 27%). The 

bearing capacity range based on DCP correlations was 

72kPa to 275kPa under dry conditions. A plasticity index 

map of Manyana village depicting these conditions has 

been compiled and it showed that Black cotton soils cover 

approximately 30% of the village from the eastern side of 

the village. One of the constraints of the study was 

sampling during the wet season where it was difficult to 

move within the study area due to the slippery nature of 

clay when wet. 

Overall it is suggested that the village growth avoid 

eastern Manyana (which could be reserved for agricultural 

use) where the heavy clays predominate. It would also be 

advisable to carry out more tests to adequately delineate 

the area to be avoided.  
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ABSTRACT 

Pozzolans have long been established as viable materials for the partial replacement of cement in concrete. 

However, the extent to which they can be used is still under investigation. Pozzolans do not in themselves have 

cementitious value but can react chemically with calcium hydroxide and moisture to produce cementitious 

compounds. Pozzolanic concretes have been reported to have varied properties in term of compressive strength and 

durability properties which need to be ascertained. This research focuses on Calcined Termite Mound (CTM) and its 

influence on the compressive strength and sorptivity of concrete. Several tests were carried out to ascertain the 

physical, chemical, and mineralogical properties of CTM and conventional concrete constituents. Some of these 

tests include bulk density, setting time, aggregate crushing value (ACV), aggregate impact value (AIV), slump test, 

X-Ray Fluorescence (XRF), X-Ray Diffraction (XRD), sorptivity, and compressive strength tests. Compressive 

strength tests results for concrete containing Ordinary Portland Cement (OPC) and CTM cement blends show that 

CTM has higher silica content compared to OPC and can be classified as Class-N pozzolans It is also richer in 

calcium oxide. The study also reveals that CTM has an optimum replacement level of 5% with strength of 13.4 MPa 

at 28 days, which is higher than the 12.4 MPa of control concrete. Also, the result of sorptivity test for OPC-CTM 

blended concrete gave lower resistance to sorptivity. Regression models were developed to predict the compressive 

strengths of OPC-CTM concrete as a function of % replacement level and curing age. 

Keywords: Calcine termite mould; Compressive strength; Pozzolanic concrete; Sorptivity. 
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INTRODUCTION 
 

Concrete, an essential for construction material, poses 

significant environmental challenges due to material 

consumption and CO2 emissions from Portland cement 

manufacturing. Therefore, transitioning to sustainable 

concrete construction practices is imperative to mitigate 

these impacts. This involves reducing concrete usage in 

buildings and replacing Portland cement with 

supplementary cementitious materials derived from 

industrial by-products, such as fly ash and slag. Altwair 

and Kabir (2010) asserts the increasing use of pozzolans in 

the cement industry due to their environmental 

sustainability. Natural pozzolans help reduce carbon 

dioxide emissions by decreasing cement production and 

consumption, thereby mitigating the release of greenhouse 

gases into the atmosphere. Sapal and Wegner (2017) 

reveals that for a long time, the practice of combining 

Portland cement and pozzolanic materials for the purpose 

of construction has been prevalent. Albeit, in time past, an 

advanced knowledge of the characteristics of these 

materials and their impact on concrete had not been 

completely understood. However, studies are now being 

carried out to determine the physical, chemical, and 

mechanical properties of these pozzolans, and how they 

affect the performance of concrete mixes. 

Pozzolans are solid materials with little or no 

cementitious value, composed of aluminous, siliceous, or 

amorphous siliceous content. When these materials react 

with calcium hydroxide [Ca (OH)2] in the presence of 

water, they form compounds with properties like that of 

cement through cement hydration reactions (Bumanis et 

al., 2020). This pozzolanic reaction leads to increase in 

some mechanical properties of concrete such as 

compressive, tensile, and flexural strength, modulus of 

elasticity and durability (Dembovska et al., 2017). 

Pozzolans occur naturally and industrially. Examples of 

natural pozzolans are zeolite and volcanic pumice. On the 

other hand, artificial pozzolans include agricultural and 

industrial byproducts such as rice husk and fly ash. No 

matter the form in which they occur, these materials find 

use in being added to cement, as they produce some added 

benefits to a concrete mix. 

Khan and Alhozaimy (2011) opine that pozzolans 

offer economic benefits by replacing the expensive portion 

of Portland cement with a more affordable natural or 
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mailto:cmikumapayi@futa.edu.ng
https://orcid.org/0000-0002-0652-6332
https://orcid.org/0000-0001-7176-7602
https://orcid.org/
https://orcid.org/0009-0006-3539-1293
https://orcid.org/0000-0002-3516-5804
https://orcid.org/0009-0001-3534-2540


Ikumapayi et al., 2024 

326 

artificial pozzolan. They also postulated that pozzolans 

increase the strength and durability of concrete mixes, 

enhancing their resistance to sulfate and thermal attack, as 

well as improving chemical durability. The performance 

of concrete mixes produced from the use of pozzolanic 

materials depends on the type of pozzolan, each 

possessing its unique characteristics, including fineness 

ratio, surface area, thermal properties, corrosion 

resistance, and mechanical properties like compressive 

strength, flexural strength, shrinkage and creep, and 

modulus of elasticity. These properties influence the 

characteristics of concrete (Al-chaar and Alkadi, 2013). 

Ikumapayi et al., (2023) highlighted the potential use 

of termite mounds as pozzolans, both in calcined and 

uncalcined forms, for concrete production. The results 

indicate that calcined termite mounds exhibit comparable 

compressive strengths to control mixes, suggesting their 

potential for concrete applications, while uncalcined 

termite mounds show lower strengths, making them more 

suitable for termite mound blocks. Similar study on the 

potential of uncalcined soldier-ant mound clay in 

improving the strength characteristics of cement concrete 

beam was investigated. The results showed that while 

SAMC reduced concrete density and increased setting 

times, with increase in SAMC content (Ikponmwosa et al., 

2019). An optimal 5% SAMC content improved structural 

performance compared to normal concrete. The 

performance of blended cement mortar mixtures 

containing termite mound and lime for building 

construction was assessed. Tests conducted on 50 x 50 x 

50 mm cube specimens evaluated compressive strength, 

water absorption, and resistance to magnesium sulphate 

exposure. Results demonstrated that compressive strength 

increased with age but decreased with higher percentage 

replacements of cement with lime and termite mound. 

Notably, at 25% termite mound content, compressive 

strength increased by 66.73%, 69.23%, 84.62%, and 100% 

at curing ages of 7, 14, 21, and 28 days respectively, 

suggesting that up to 25% replacement of termite mound 

and lime is suitable for mortar composition (Olanrewaju et 

al., 2019). 

Guyo et al., (2019) explores the potential of calcined 

termite hill clay powder (CTHCP) as a partial replacement 

for ordinary Portland cement in C-25 grade concrete 

production. The research involved collecting samples from 

the Bokuluboma vicinity, calcining them at 650°C, and 

assessing their chemical composition. Various properties 

of concrete mixes with CTHCP replacing cement were 

investigated, revealing that up to 11.3% replacement 

achieved the target compressive strength of 34MPa at 28 

days. Moreover, the mix remained workable up to 25% 

replacement, with faster setting times compared to the 

control mix, suggesting CTHCP as a suitable partial 

cement replacement, especially at 11.3% for C-25 grade 

concrete production. 

It is a known fact that pozzolanic materials improve 

the properties of concrete mixes such as durability, 

compressive strength, and workability. However, the 

extent to which these pozzolanic materials influence the 

performance of concrete when they partially replaced with 

of Portland cement in concrete mixes has not been fully 

explored. Also, the effects of some pozzolanic materials 

like rice husk ash, sugarcane bagasse ash, fly ash, palm oil 

fuel ash on the properties of concrete has been studied 

considerably to a great extent. Meanwhile, little or no 

research has been done on calcined termite mound to 

determine its influence on the performance of concrete. 

This study focuses on evaluating the sorptivity and 

compressive strength performances of concrete mixes with 

calcined termite mound blends with the view of 

establishing its industrial acceptability. This study also 

provide regression models for the prediction of the 

compressive strength of the resulting pozzolanic concrete. 

 

MATERIALS AND METHOD 

 

Materials 
The materials used for this study were sourced from 

Akure, Nigeria and tested to ensure that they meet all the 

necessary standards. Dangote Portland cement, grade 42.5, 

type 1 general-purpose cement as per the American 

Society for Testing and Materials Standards - ASTM 

C150, (2012) was obtained from a retail shop outlet within 

Akure metropolis, Ondo State, Nigeria. Termite mound 

was obtained from a farmland in the Federal University of 

Technology Akure and heated at a controlled temperature 

of 600°C to produce calcined termite mound, which was 

used as the pozzolanic material. The portion of the 

calcined termite mound (CTM) finer than sieve No 425 

were used. Also, an X-ray Fluorescence (XRF) analysis, 

and X-ray diffraction (XRD) test were carried out to 

determine the chemical and the mineralogical composition 

of the calcined soil. The physical properties of the binder 

are shown in Table 1. 

  

Table 1. Physical properties of the binders 

Properties / Parameters OPC CTM 

Specific gravity (kg/m3) 3.02 2.53 

Initial setting time (minutes) 75 - 

Final setting time (minutes) 270 - 

Normal consistency (%) 26 - 

Moisture content (%) - 16.35 

Dry density (g/cm3)  - 0.458 

 

The oxide composition of calcined termite mound are 

presented in Table 2. Based on ASTM C618 (2019), the 

calcined termite mound is Class N; since the sum of 𝑆𝑖𝑂2, 

𝐹𝑒2𝑂3, and 𝐴𝑙2𝑂3 is greater than 70% and the 

composition of 𝑆𝑂3, is not up to 4%. Notably silica 

content is significantly higher (56.176%) than any other 

oxide in the material. 
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Table 2. Chemical composition of the calcined 

Composition Concentration (%) 

SiO2 56.176 

Al2O3 19.49 

Fe2O3 13.079 

CaO 0.949 

MgO 0.00 

SO3 0.181 

TiO2 4.517 

LOI 3.86 

SiO2+Al2O3+Fe2O3 88.742 

 

 

Figure1. XRD Analysis of Calcined Termite Mound  

The minerals found in the CTM sample are outlined 

in Figure 1. Quartz was identified as the primary 

crystalline phase, followed by Orthoclase. Traces of 

minerals such as Muscovite, Albite, Clinochlore, and 

Glauconite were also present in the specimen, exhibiting 

smaller but well-dispersed peak intensities compared to 

Quartz and Orthoclase. However, the highest peak 

intensities were detected at approximately 2Ɵ = 27° and 

28° for Quartz and Orthoclase, respectively. 

The aggregates used in this study include fine and 

coarse aggregate. The coarse aggregate consists of crushed 

granite with maximum sizes of 12.5mm, sourced within 

the Akure metropolis and used in all concrete mixes. 

These coarse aggregates conform to the recommendations 

of British Standards - BS 882, (1992). The fine aggregate 

comprises sand with particle sizes finer than 4.75mm, 

sourced from a local quarry in Akure, Ondo State, Nigeria. 

The physical properties of both the coarse and fine 

aggregates used for the tests are presented in Table 3. 

Potable water, sourced from a borehole in a 

construction site within the Federal University of 

Technology Akure, was used to cast and cure the concrete 

specimens. This water meets the requirements of concrete 

mixing water as per British Standards (BS EN, 1997). 

Table 3.  Physical properties of coarse and fine aggregates 

Properties Result 

Specific gravity (kg/m3) of sand 2.35 

Aggregate crushing value (ACV) of granite 21.44% 

Aggregate impact value (AIV) of granite 11.34% 

Bulk density (kg/m3) of granite 1528.7 

 

Method 

 Mix design:  

A series of trial mixtures was conducted to establish 

the suitable mix design for the proposed concrete mixtures 

of grade 20 MPa. Dangote Portland cement was partially 

replaced with the Calcined Termite Mound (CTM), in a 

level of 5% to 20% at a 5% step size increment. A total of 

45 concrete cube test specimens were produced to evaluate 

the compressive strength and 45 cylindrical test specimens 

for sorptivity evaluation. These concrete cube test 

specimens were produced using a mix ratio 1:2:4, and a 

constant water-binder ratio of 0.55. 

 Preparation, casting and curing of pozzolanic 

concrete:  

The cement, CTM, fine and coarse aggregates were 

measured by weight and then manually mixed. The mixing 

was done very well to achieve a thorough mix. Slump and 

compacting tests were used for the workability assessment 

(British Standards - BS 1881-103, 1993). For each test day 

and replacement level, a total of 3 concrete cubes with side 

dimension of 150mm x 150mm x 150mm were cast for the 

compressive strength test; while 3 cylindrical concrete 

samples with 100mm diameter and 50mm thickness were 

cast for the sorptivity test. The cast samples were left for 

24 hours before being demolded from its form and placed 

in a water tank. The concrete samples were cured (by 

immersion in water) for 7, 28, and 56days. For each curing 

age, 15 test specimens for compressive strength and 15 

test specimens for sorptivity test were evaluated. 

 

 Test on hardened concrete: 

Compressive strength of the concrete samples were 

determined with the use of universal compressive  

machine with a load capacity of 1000kN, and load rate of 

0.5MPa/s. The test procedure was in accordance with the 

standard (ASTM C 39, 2001). At each test day, three test 

specimens from each mixes were tested and the average of 

these readings was taken as the compressive strength of 

that mix.  

The sorptivity test was carried out as per the 

requirements of American Society for Testing and 

Materials Standards - ASTM C1585, (2013). This test 

allows for one directional flow of water through the 

unsealed end of the concrete. The setup for sorptivity test 

is shown in Figure 2.  Before this test was carried out, the 

weight and diameters of all the test specimens were 

measured. A plastic tray of water to a depth of 3mm was 
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held to the ground and the unsealed surface of the 

specimens was placed over steel supports inside the tray.  

 

Figure 2. Setup for water absorption test (Ohwofasa et al., 

2023). 

 

The initial mass and the masses of the samples after it 

was partially placed in water to a depth of 3mm at time 

intervals of 1, 2, 4, 8, 10, 20, 30, 110, and 120 mins, was 

recorded. During the test, water was re-filled into the tray 

to maintain a water depth of 3mm. The water absorption 

rate (i) is calculated using the Equation 1. 

𝑖 =  
𝑚𝑏−𝑚𝑎

𝑎 𝑥 𝑑
  mm      1 

Where: 

𝑚𝑏 − 𝑚𝑎  is the change in specimen mass in grams, at 

the time t, 

𝑎 is the exposed area of the specimen, mm
2
; 𝑑 = 

density of the water, g/mm
3
 

 

The sorptivity coefficient, S is the slope of the best fit 

line of a graph of water absorption rate, 𝑖 against the 

square root of time, 𝑡 in secs. 

 
RESULTS AND DISCUSSIONS 

 

Fresh concrete properties 
The slump and compacting factor test results are 

shown in Table 4. The results show that the slump values 

and compaction factor of the cement mix decreased with 

an increase in the percentage replacement level of CTM. 

Hence, the slump value and compaction factor are highest 

at control (0%) and lowest at 20% replacement levels. The 

decrease in the slump and compacting factor values with 

increasing proportions of CTM is an indication of low 

workability of the mix (Fapohunda and Daramola, 2019). 

 

Table 4. Effect of CTM on workability properties of 

concrete 

Mix 

Designation 
Slump 

Compaction 

Factor 
Workability Type 

B1 (0%) 50 0.88 Stiff Plastic TRUE 

B1-2 (5%) 45 0.82 Stiff Plastic TRUE 

B1-3 (10%) 42 0.80 Stiff Plastic TRUE 

B1-4 (15%) 40 0.78 Stiff Plastic TRUE 

B1-5 (20%) 35 0.76 Stiff Plastic TRUE 

 

The results of the workability from the slump test 

satisfied the specified range of 35mm to 50mm. Likewise 

the results from compacting factor test which ranges 

between 0.76 and 0.88 fell within the specified range of 

0.7 to 0.99. The outcomes of the two tests show the 

workability to be satisfactory.   

 

Hardened concrete properties 

 Compressive strength: 

The compressive strengths of the OPC-CTM concrete 

mixes at days 7, 28, and 56 of curing are depicted in 

Figure 3. A progressive decrease in compressive strength 

was observed with increasing CTM replacement. The 

compressive strength ranged from 8.2 to 13.4 MPa at day 

28 and 8.8 to 13.9 MPa at day 56. While the compressive 

strength of all test samples increased with curing duration, 

the rate of strength development slowed after day 28. 

Notably, the 5% CTM replacement (designated as B1-2) 

exhibited the optimum compressive strength at all curing 

ages, with values of 10.6 MPa, 13.4 MPa, and 13.9 MPa 

for days 7, 28, and 56, respectively. At day 28, mix B1-2 

surpassed the compressive strength of the control mix by 

8%. This improvement suggests a pozzolanic reaction 

between CTM and the calcium hydroxide (Portlandite) 

released during cement hydration. 

The decrease in compressive strength with higher 

CTM replacement levels can be attributed to the 

overconsumption or dilution of Portlandite, hindering the 

formation of additional hydration products and 

consequently impacting overall concrete strength. The 

trends in the strength development of the CTM concretes 

are similar to those reported in the literature (Elinwa, 

2006; Olaniyi and Umoh, 2014).  

 

Figure 3. Compressive strength development. 

 

 Sorptivity: 

The rate of water absorption of the concrete mixes at 

day 28 is illustrated in Figure 4. A regression analysis was 

employed to fit a line to the data, plotting the amount of 

absorption (in millimeters) against the square root of time 
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(in seconds). The slope of this line provides the sorptivity 

of the concrete mixes.  

 

 
Figure 4. The rate of water absorption of the concrete 

mixes at day 28. 

The sorptivity for all test specimens at day 28 is 

illustrated in Figure 5. The sorptivity coefficient generally 

exhibited an upward trend with an increase in CTM 

replacement. The control mix demonstrated the lowest 

sorptivity value (0.0057 mm/sec
^1/2

), whereas the 20% 

CTM replacement level exhibited the highest sorptivity 

value (0.0115 mm/sec
^1/2

). The percentage increase of the 

CTM mixes with respect to the control was 14.2%, 28.4%, 

63.2%, and 100% for the mixes designated with 5%, 10%, 

15%, and 20% replacement, respectively. The addition of 

calcined termite mound to the cement resulted in an 

increase in the resulting concrete’s sorptivity. This 

outcome can be attributed to the porosity and absorbent 

properties of calcined clay to water. Previous studies have 

shown that the incorporation of calcined brick powder as a 

supplement for cement up to 40% led to an increase in 

both porosity and sorptivity (Mohan et al., 2020). 

 

 Mineralogical characterization and scanning 

electron microscopy: 

The mineralogical composition of the calcined termite 

mound (CTM) concrete samples for days 28 and 56 is 

presented in Figures 6 and 7, respectively. It is noteworthy 

that the initial crystalline phases underwent considerable 

changes during the hydration of the CTM concrete. At 

days 28 and 56, Calcite, Portlandite, Quartz, and Lime 

were found to be widely distributed in the spectrum. 

However, minerals such as Muscovite, Orthoclase and 

Osumilite exhibited smaller constructive peak intensities 

compared to other minerals, possibly attributed to 

differences in atomic arrangement or packing patterns. 

Minerals such as Calcite, Portlandite, Quartz, and Lime 

displayed more noticeable peaks in the crystalline phase. 

The highest peak intensity was observed at approximately 

2Ɵ = 30° for Calcite, while other minerals with noticeable 

peaks fell within the range of 2Ɵ = 18 - 50°. 

 

 
Figure 5 Sorptivity coefficients of the OPC-CTM concrete 

mixes at day 28 

 

 

 
Figure 6.  XRD Analysis of 5% replacement CTM 

concrete at day 28 

 

 

 
Figure 7.  XRD Analysis of 5% replacement CTM 

concrete at day 56 
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The microstructure of the referenced concrete, and the 

5% CTM replacement concrete at 7 and 28 days are shown 

in Figure 8 and Figure 9. To investigate the morphology of 

the test samples, the pore sizes of the samples were 

measured using ImageJ, and their average size was 

determined using Gaussian analysis on OriginPro. The 

larger pore sizes were observed in the control mix, 

compared to the 5% CTM replacement mix. However, the 

pore in both mixes decreased in size as the hydration days 

increases. At day 7, the pore sizes for the control mix and 

the 5% CTM replacement mix were are 3.78, and 3.08 

micro meter respectively. At day 28, the pore sizes of the 

mixes reduced by 22% (2.93 micro meter) for the control 

and 43% (1.75 micro meter) for the 5% CTM replacement 

mix. The reduction in pore size and the densified structure 

in the mixes resulted from some hydration and pozzolanic 

activities. At the early period of hydration, it is observed 

that the radiating crystals of C-S-H were widely spread 

through the CTM blended mix. The dense structure of the 

mixes is evident on the compressive strength test results 

but not on the sorptivity. Ettringite was not observed in 

either mix at day 28 but there were traces of cracks; the 

absence of ettringite could be due to the low sulphate 

content in the binder which can react with the available 

Portlandite. 

 

 

      
 

         
 

Figure 8.  Scanning electron microscopy of the control specimen and 5% CTM replacement specimen at day 7 and 28 
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Figure 9. Pore sizes of the control specimen and 5% CTM replacement specimen at day 7 and 28 

 

 

REGRESSION ANALYSIS 

 

Linear Regression Model for Concrete Containing 

OPC-CTM Cement Blends: 

The Linear Regression (LR) Model was constructed 

using a single independent variable, Calcined Termite 

Mound (CTM), and one dependent variable, compressive 

strength (CS). The mathematical model was developed to 

establish the relationship between the compressive 

strength of concrete mixes and CTM replacement levels 

(0%, 5%, 10%, 15%, and 20%) after 28 days of curing. 

The derived predictive model for the relationship between 

compressive strength of concrete and OPC-CTM 

replacement level at 28 days is as shown in Equation 2 

with 𝑅2 of 0.81 and F (12.87) considerably higher than 

Significance F (0.037) and P-value (0.00067501) 

significantly lower than 0.05. 

𝑦 = 13.1 − 0.26𝐶𝑇𝑀   2 

where:    

y is the compressive strength of the concrete 

CTM is Calcined Termite Mound (replacement 

percentage) 

 

Multiple Linear Regression (MLR) Model 

Containing OPC and CTM Cement Blends: 

The Multiple Linear Regression (MLR) model was 

constructed utilizing two distinct independent variables: 

Calcined Termite Mound (CTM) and Curing Age (CA), 

along with a dependent variable denoting compressive 

strength. MLR was employed to create a mathematical 

model aimed at predicting the compressive strength of the 

OPC-CTM cement blend, given specific CTM 

replacement levels and curing ages.  
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The mathematical model used for predicting the 

compressive strength of the CTM blended concrete 

samples is presented in Equation 3. 

𝑦 = 10.592 + 0.056𝐶𝐴 − 0.266𝐶𝑇𝑀  3 

where: y is the compressive strength of the concrete 

CTM is Calcined Termite Mound (replacement 

percentage); CA is curing age (days) 

 

CONCLUSION 

 

This study evaluates the effects of CTM the on 

compressive strength and sorptivity properties of concrete, 

and the following conclusive remarks were drawn from 

the analyzed results and discussions: 

i. the compressive strength of the test concrete 

mixes reduced with increase in CTM replacement while 

the sorptivity increased with increased in CTM 

replacement. In terms of compressive strength, the 5% 

CTM replaced concrete exhibited the optimum strength 

value at all curing days while the control gave best results 

in terms of sorptivity. 

ii. the linear regression model and multiple 

regression model developed can be used to predict the 

compressive strength of OPC-CTM concrete as a function 

of curing age and % replacement level of OPC with CTM.  
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ABSTRACT 

The Iishana is a shallow, low-slope channel system located in the Cuvelai basin (Southern Angola and Northern 

Namibia), characterised by drought and flood cycles due to erratic climate variability. The knowledge gap regarding 

the actual water needs in the area, the number of residents within the system, the seasonal influence of cattle 

migration, and poor socio-economic conditions, make the population even more vulnerable to droughts. The main 

objective of this study is to estimate the water demand by the rural population on the Angolan side of the Iishana 

system, attempting to fill the knowledge gap. To reach the demand estimates, a mathematical procedure within a 

GIS environment was used, in QGIS 3.32.2 software, relating population gridded and meteorological data to make 

the necessary calculations. In 2023, it estimated consumption for intake and personal hygiene of 4.7 Mm3, 6.3 Mm3 

for 2033, 8.4 Mm3 for 2043 and 11.3 Mm3/year for 2053. In recent years there have been rainfall records throughout 

the Iishana system, at an average of 518 mm/annum, but high temperatures accelerate water evaporation. Due to the 

topographical conditions, the waters are drained by gravity to the south of the basin (Republic of Namibia), causing 

a greater shortage in the dry season on the Angolan side, the study targets the estimation of water demand and the 

concept of rainwater harvest and sustainable water infrastructure to supply safe drinking water to equalise water 

demand and reduce vulnerability to climate change. These early findings may provide a basis for developing 

sustainable water infrastructure and use plans to improve the livelihoods of the resident population within the basin. 

Keywords: Water demand, Water supply, Iishana system, Cuvelai Basin, Water infrastructure. 
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INTRODUCTION 
 

 

Water resources are finite, and their demand continues to 

grow alongside the rising population. Simultaneously, the 

increasing frequency and intensity of floods and droughts 

place significant pressure on livelihoods (Seckler, 2000). 

Effectively evaluating the water requirements of both the 

population and the environment within the Cuvelai 

Hydrographic Basin, while ensuring adequate protection 

against these natural events, presents a considerable 

challenge. The most active watercourses are confined to 

the Iishana area. The water in the Iishana Canal area is 

saline, reflecting the high rates of water evaporation in all 

the watercourses (Mendelsohn & Weber, 2011).  

Once the main courses are reduced and then stop, 

large areas of water remain in the channels and gradually 

dry out, leaving salts that accumulate in the substrate, it 

isn't easy to access water for human and animal 

consumption residents along the Cuvelai basin.   

 

MATERIALS AND METHODS 

 

Study area 

Figure 1 illustrates the Iishana System, a 

transboundary wetland shared by Angola and Namibia, 

spanning approximately 18,370 km². In Angola, a 

significant portion of the Iishana System lies within the 

municipalities of Cuanhama, Cuvelai, and Namacunde, 

situated in the province of Cunene. This area covers 

roughly 8,711 km², of which 651 km² are inhabited, 

housing an estimated population of 521,763 individuals, 

according to (Bondarenko M., 2020), with the coordinates: 

Northen -16°.47’85N’’-15°.26’34 E’’, South -

http://www.science-line.com/index/
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17°.37’12N’’-15°.25’58E’’ West -16°.94’79N’’-

15°.66’19E’’  East -17°.01’93N’’-14.78’99E’’ Majority of 

the population lives along the drainage lines of the 

Iishanas in the southwest, with a mixture of sandy and clay 

rhinestones more suitable for agriculture than the sandy 

lands that cover most of the areas to the east and north of 

the Lishana. Many people also live around the lowlands to 

the southwest and along small rivers to the north, between 

the towns of Evale, Mupa and Cuvelai (Helge Denker et 

al., 2014). 

 

 
Figure 1. The Angolan part of the Iishana system. 

 
Water demand   

The unsustainable and excessive exploitation of 

natural resources has hindered societal growth over a short 

period and poses bleak prospects for the future. To address 

this issue, new strategies must be established that prioritize 

sustainable development and set clear limits on the use of 

natural assets, ensuring a balanced approach between 

utilization and environmental protection (Amaral, 2000). 

Water demand refers to the volume of water required to 

supply production and distribution systems, accounting for 

consumer needs, as well as losses and waste within the 

system (EEA, 1999). 

 

Estimation of water consumption 

The per capita water consumption of a city with a 

regularly functioning water supply system is determined 

by dividing the total volume of water distributed annually 

by the number of inhabitants served (Yassuda et al., 1978). 

This calculation is expressed mathematically in Eq. 1 and 

is measured in litres per inhabitant per day (L/person/day). 

Water consumption =
V 

365 P
                                 (1)                                 

where V is the annual available volume; P is the 

population 

Estimating water consumption in urban public supply 

systems presents significant challenges due to unreliable 

data from systematically conducted research. The volume 

of water needed to supply the basic needs of man and his 

socioeconomic activities has varied according to the 

customs and ways of life imposed by the technological 

transformations that have occurred in recent decades. 

Netto (1991) Various factors are linked to water 

consumption patterns, including: (i) Population Growth: 

Studies reveal that an increase in population typically 

results in higher per capita water consumption. This rise is 

largely due to expanded commercial and industrial 

activities, along with an elevated likelihood of distribution 

network losses: (ii) Urban Characteristics: The type of 

urban area significantly impacts water usage levels. For 

example, water consumption per capita in a tourist town 

differs from that in an industrial city, with the latter often 

having higher average consumption and greater water-

related costs; (iii) Climate Conditions: Regions with 

warmer climates generally exhibit higher water 

consumption. These influences contribute to variations in 

daily per capita water consumption, which tend to 

fluctuate based on specific local factors. 

 

Population estimation 

Using the WorldPop 2020 dataset to determine the 

population number, QGIS software processes this data 

through Zonal Statistics. This algorithm calculates 

statistical values for a raster layer based on the features of 

an overlapping polygon vector layer. By applying this 

method, it aggregates data, such as population estimates, 

within the defined zones of the polygon layer, providing 

valuable insights into the spatial distribution of the 

population. 

 

Analysis of climate data 

For the analysis of the climatic data, the data provided 

by the ERA5 website according to (Hersbach et al., 2023), 

and data from the last 32 years (1992-2023) were 

downloaded, analyzed and processed in Python and by 

QGIS version 3.32.2, interpolated in the Inverse Distance 

Weighted (IDW) interpolation, it generates a point vector 

layer. Sample points are weighted during interpolation 

such that the influence of one point relative to the other 

declines with the distance from the unknown point to be 

created.  
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Calculation of water demand 

CSIR (2005) states that water demand is usually based 

on historical consumption. Where water consumption 

records are not available, present consumption per capita 

can be estimated by administering the questionnaire. 

Estimating water demand requires the following 

algorithms: (i) Determine the size of the population in the 

area; (ii) Multiply the population by the average daily 

water usage per person; (iii) incorporate the peak demand 

factor to cater for fluctuations in demand and potential 

water waste  

 

RESULTS AND DISCUSSION 

 

Climate Data Precipitation  

The analysis of thirty-one (31) years of data (1992-

2023) gives a descriptive minimum average rainfall of 

257.2 mm and a maximum of 517.6 mm. Rainfall in the 

north is approximately twice that of the southern region of 

the Basin (Figure 2). These usually occur during the wet 

season, specifically between November and April. This 

often results in large-volume storms of high frequency at 

short intervals. Due to the very flat nature of the terrain, 

the canals flow from north to south, from the southern 

Angolan plateau to the Etosha pan. Based on the 

livelihood mode (pastoralism, agriculture, and hunting) of 

the population residing in the Iishana system, these 

averages are considered below the threshold of water 

demand needed for survival. The Basin has a long history 

of floods and droughts due to the irregularity of rainfall 

over the last 31 years. 

 

 
Figure 2. Average annual rainfall (1992-2023) of the 

Iishana system in mm 

Temperature 

In the last 31 years (1992-2023), an average 

temperature of 23° had been observed (Figure 3). The 

temperatures are highest in the southernmost regions of 

the basin. Consequently, temperature is one of the major 

factors that affect the amount of water consumed in the 

Iishana system of the Cuvelai basin. Therefore, on warmer 

days, it is common for water consumption to increase, for 

domestic activities and irrigation of plants. Climate change 

has an impact on water resources, affecting the water 

cycle. This is due to changes in precipitation patterns and 

the role of temperature as it accelerates the evaporation 

process in the Iishana system. 

 

 

 
Figure 3. Average annual temperature (1992-2023) 

 

 

Population Forecast 

DATA: 

Inhabited area: 651 km
2
 

Rural Population: 426273 inhabitants. 

Population growth of 3 % per/year (INE, 2016) 

 

 

Population projection 2033 (Eq.2) 

 

𝑃𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑖𝑜𝑛 = 𝑃𝑏𝑎𝑠𝑒 𝑦𝑒𝑎𝑟 (1 +
𝐴𝑛𝑛𝑢𝑎𝑙 𝐺𝑟𝑜𝑤𝑡ℎ 𝑅𝑎𝑡𝑒 (%)

100
)

𝑛
       (2) 

 

Where 𝑃𝑏𝑎𝑠𝑒 𝑦𝑒𝑎𝑟  is the base year population (2023) 

 

P 2033 = 426273 (1 +
3%

100
)

10

=  572875 inhabitants. 
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Figure 4. Probable future population (world pop 2020) 

 

Currently, the population of the rural area is 426,273 

inhabitants. Figure 4 displays the population forecast 

projection for the next three decades. Hence, the 

population of 572,575, 769,896 and 1,034,676 inhabitants 

for 2033, 2043 and 2053 respectively. This poses a threat 

to the available water supply in the future. Consequently, 

population growth has a range of effects on water 

consumption, from residential demand to pressure on 

water resources and the need for sustainable management 

to address these challenges. It is essential to adopt 

sustainable strategies to ensure access to water for future 

generations. 

 

Water demand
 

According to the (MINEA, 2024), the per capita 

demand both for intake and personal hygiene, for the 

population of rural areas should be 30L/person/day. It can 

be calculated by below formula (Eq.3):  

𝑊𝑎𝑡𝑒𝑟 𝐷𝑒𝑚𝑎𝑛𝑑 (𝑝𝑒𝑟 𝑑𝑎𝑦) = (
L/person/day×  𝑃

1000
)    (3) 

𝑊𝑎𝑡𝑒𝑟 𝐷𝑒𝑚𝑎𝑛𝑑 (𝑝𝑒𝑟 𝑑𝑎𝑦) = (
30𝑙/𝑑×426273

1000
) =

12,788.19𝑚3/𝑑𝑎𝑦   

 

Annual water demand becomes: 

 𝑓𝑝 × (12,788.19𝑚3/𝑑𝑎𝑦)  × 365= 4667689.35  𝑚3/

𝑦𝑒𝑎𝑟  =(
4667689

1000000
)=4.7M𝑚3/year 

𝑓𝑝 = 1.1 is the peak demand factor (MINEA, 2024) 

 

From Figure 5, the year 2023 yielded a consumption 

for intake and personal hygiene amounting to 4.7 Mm
3
. 

The forecasted consumption for the years 2033, 2043 and 

2053 are 6.3 Mm
3
, 8.4 Mm

3
 and 11.3 Mm

3
/year 

respectively. A significant increase in future water 

consumption, with the impacts of climate change, can 

cause an increase in water scarcity in the Iishana system, 

which represents a great challenge for climate adaptation. 

The increase in water demand can have significant 

consequences across various domains. This includes 

pressure on existing water resources, competition among 

different sectors and users, environmental degradation, 

depletion of groundwater, impacts on agriculture, and 

economic costs. In summary, the growth in water needs 

can trigger complex challenges that demand careful and 

sustainable water resource management to mitigate its 

adverse effects. 

 

 
Figure 5. Projection of annual water demand 

 

 

CONCLUSION AND RECOMMENDATION 

 

The rural population of the Iishana system faces 

challenges related to climate change, In the last 31 years 

there have been records of rainfall throughout the Iishana 

system, but high temperatures accelerate the evaporation 

of water. Due to the topographical conditions, the waters 

are drained by gravity to the south of the basin, (Republic 

of Namibia), causing a greater shortage in the dry season 

on the Angolan side. With the population increasing, water 

scarcity is a significant concern in that region, to mitigate 

this impact and ensure a conscientious use of this valuable 

resource. It is recommended to reuse rainwater, retain 

water from the Iishna, and build water points to ensure 

access to drinking water (boreholes for the population and 

chimpaca for the animals) and reduce vulnerability to 

climate change. 
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generating high resolution GIF, TIFF, JPEG or PowerPoint before pasting in the Microsoft Word manuscript file. Use Arabic numerals 
to designate figures and upper case letters for their parts (Figure 1). Begin each legend with a title and include sufficient 
description so that the figure is understandable without reading the text of the manuscript. Information given in legends should 
not be repeated in the text. 
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