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PREAMBLE 

Glory, honour and adoration to the Lord of lords, the King of kings, and the creator of the Universe. 

“I honour and glorify Him who lives forever, His dominion is an eternal dominion, His kingdom 

endures from generation to generation... I praise, exalt and glorify the King of heaven, because 

everything He does is right and all His ways are just. And those who walk in pride He humbles” 

Dan. 4:34-37.  

Mr Vice-Chancellor Sir, with humility and reverence, I hereby present the 107th  Inaugural lecture 

of the Federal University of Agriculture, Abeokuta, and the 11th  from the College of Engineering, 

which is also the 2nd  from the Department of Civil Engineering. My journey into the field of 

Engineering was greatly influenced by my late father, Pa Philip Abiodun Akinyele, who I respect 

a lot, a very diligent and hardworking mechanical engineer with the Nigerian Army Electrical and 

Mechanical Engineering Corps (NAEME). I know from the onset that engineering is a tedious and 

tough profession, but seeing my father bring down and separate his car engine into pieces for 

repairs and coupling everything together was very fascinating to me. When I got to form three in 

secondary school, my mind was made up to become an engineer and a soldier. Coupled with the 

encouragement from my late father, who really desired that one of his children would take after 

him both in the military and the engineering profession. My ambition of becoming a military man 

was beclouded in what was the norm during the military era (to join forces in taking over the 

government, which was the mindset of a typical Barrack boy), however, God prevented that 

particular dream from coming to pass in His own wisdom.  

Mr. Vice chancellor Sir, finding myself studying Civil Engineering at the University of Ibadan is 

a story for another day. But since graduation from the School of Engineering, the field experience 

where we design and construct buildings and other civil engineering infrastructure has opened my 

eyes to the importance of engineering to human life. As Engineers, we are expected to solve the 

problems of humanity and not create more. Unfortunately, some, if not most of the materials we 

use in solving the problem of humanity are themselves creating other problems for our dear 

environment. That was why I decided to investigate some byproducts of engineering materials that 

are sources of environmental degradation and how to remove this impediment. 
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1.0   INTRODUCTION 

Many engineering materials are used in everyday life. Materials such as cement, concrete, crushed 

stones (granites), gravels, asphalts, steel from iron ore, timbers or woods, hydrocarbon by products 

like plastics, polyethylene terephthalate (PET), tyre rubbers and many others are daily used in the 

construction industry. Most of these materials are obtained in their natural state, but are later 

converted for use in engineering infrastructure. The process of conversion or production of these 

materials has been a source of concern because some of these production processes have 

contributed to global warming. 

1.1 Cement Production and its Effect on the Environment 

The Federal government of Nigeria in 2024 started the construction of a super coastal highway 

from Lagos to Calabar, a distance of over 700 km. The interesting aspect of this road project is the 

use of Cement-based reinforced concrete as the pavement for the highway and other infrastructure 

like bridges, culverts, concrete barriers, road dividers etc. The reason for using reinforced concrete 

pavement was due to the weak soil stratum along the coastal shoreline that the highway will pass 

through. The implication of this is that over 70,000 metric tons of concrete will be used for this 

project. The concern expressed by experts like Komolafe (2025) on the use of cement-based 

concrete on this project is its negative impact on the environment. 

 It is believed that about 33 billion metric tons of concrete are produced annually (Uchechukwu et 

al 2022). But recently, there are concerns about the effect of the production of one of its main 

components, cement which is the main binder. Over 4.4 billion metric tons of cement is said to be 

produced every year all over the world (Shahmansouri et al 2020, Kara et al., 2012). The 

construction industry has experienced rapid growth over the past decades because of the use of 

concrete. However, research has been going on for an alternative to concrete because of its effects 

on the environment, especially during the production of one of its main components (cement). 

Greenhouse gas (GHG) emissions from cement production (the firing of klinker: CaCO3 > CaO + 

CO2 at over 1500 0C) account for 5-8% of global CO2 emissions (Kaliyavarandha  and Ling 2017; 

Ahmad et al., 2021). This has contributed to the depletion of the ozone layers and the current 

climate change being experienced all over the world.  It was reported that the estimated global 

greenhouse gas (GHG) emission for 2021 was 52.8 Gt CO2 equivalent (Shah, 2024).   

The rapid growth in the production of cement has risen from 2,300 million metric tons to about 

3,500 million metric tons in 2020. This is expected to reach 3,770 - 4,400 million metric tons by 
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2050 (Shah et al., 2022). Due to the negative effects of cement production on the environment, a 

lot of studies are being conducted on the use of supplementary cementitious materials in a bid to 

reduce CO2 emissions.   

1.2 What is Concrete? 

Concrete can be simply defined as an amorphous material that consists of cement, fine aggregates 

(sand) and coarse aggregates (stones/rubbles), mixed in water to produce a semi-solid paste in its 

wet state, but later solidifies after a while. Concrete is the most used engineering material in the 

world after water.  

The Assyrians and Babylonians were said to have used clay and slime (asphalt) as the binding 

substance or cement around 6500 BC. The Egyptians used lime and gypsum cement around 2500 

BC to build the pyramids and other infrastructure (Steiger, 1995). In 1756, a British engineer, John 

Smeaton made the first modern concrete (hydraulic cement) by adding pebbles as a coarse 

aggregate and mixing powdered brick into the cement. In 1824, an English inventor, Joseph Aspdin 

invented Portland cement, which has remained the dominant cement used in concrete production. 

Joseph Aspdin created the first true artificial cement by burning ground limestone and clay 

together. The burning process altered the chemical properties of the materials, and he made a 

cement that is stronger than what could be produced using plain crushed limestone.  

The other major part of concrete besides the cement is the aggregates, which include sand, crushed 

stone, gravel, slag, ashes, burned shale, and burned clay. Fine aggregate (fine refers to the size of 

the aggregate) is used in making concrete slabs and smooth surfaces. Coarse aggregate is used for 

massive structures.  

Concrete that includes embedded metal (usually steel) is called reinforced concrete or 

ferroconcrete. Reinforced concrete was invented in 1849 by Joseph Monier, who received a patent 

in 1867. He was a Parisian gardener who made garden pots and tubs of concrete reinforced with 

an iron mesh. Reinforced concrete combines the tensile or bendable strength of metal and the 

compressive strength of concrete to withstand heavy loads. Joseph Monier exhibited his invention 

at the Paris Exposition of 1867. Besides his pots and tubs, he promoted reinforced concrete for use 

in railway ties, pipes, floors, arches and bridges (Bellis, 2009). 

1.3 Geopolymer Concrete 

Geopolymer concrete technology involves the use of natural materials (that contain alumino-

silicate) like calcined kaolin (metakaolin), industrial waste such as fly ash, organic mineral and 
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blast furnace slag. These materials are mixed in an alkaline environment, such as oxides of sodium 

or calcium (NaOH), mixed with sodium or calcium trisilicate (Na2SiO3), in a certain proportion 

and molarity. Geopolymer concrete was invented by Joseph Davidovits in 1979, and countries like 

Australia and India has accepted the technology, especially in reinforced concrete structures. 

Geopolymer concrete doesn’t require the use of cement, and it is not an alkaline activated concrete. 

1.4 The Use of Alternative Materials in Concrete 

Many studies have been conducted, with some still ongoing, into the use of alternative materials 

to cement, coarse aggregate and fine aggregate, which are the constituents parts of concrete.  

The unending search for the solution to the proper management of non-biodegradable materials 

has led research in to the alternative use of these materials for construction purposes in the building 

industry.  Materials such as metakaolin, ground granulated blast furnace slag, plastics (PET), 

rubber wastes, rubbles, polyethylene etc. have been investigated with different results and 

recommendations. Given correct conditions, efficient recycling of waste materials could reduce 

the demand on natural aggregates. In view of the increasing pressure on the supplies of natural 

aggregate, more recyclable materials should be encouraged (Akinyele and Alade, 2011).  If most 

of the results obtained from research are implemented, then the problem associated with the 

depletion of the ozone layers because of burning of these waste materials and space occupied by 

landfills will become a thing of the past (Akinyele, 2017).  

 

2.0 MY RESEARCH CONTRIBUTIONS 

Mr. Vice-Chancellor Sir, I wish to state that a lot of work has gone into the use of discarded 

materials in the production of eco-friendly concrete. My exploration of this route was as a result 

of my observation as an industry-based engineer, who later transitioned into the academic field. 

How non-biodegradable waste was being indiscriminately disposed, with the attendant side effects, 

coupled with the negative effects of cement production on the climate, sparked my interest in this 

route. Based on the concern shown to the negative effects of cement production and non-

biodegradable solid waste on the environment, I have carried out research work in the following 

areas; 

(i) The use of metakaolin as partial replacement of cement in concrete 

(ii) Durability of cement based concrete in an aggressive environment 

(iii) Geopolymer concrete as alternative to cement based concrete 
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(iv) The use of rubber crumbs as alternative aggregates in concrete 

(v) The use of plastic waste (PET) as alternative aggregates in concrete 

(vi) The use of plastic and glass waste in burnt bricks 

 

2.1. Metakaolin as an Alternative to Cement in Concrete 

The search for an alternative to cement led Akinyele et al. (2017a, 2017b) to the use of calcined 

kaolin (metakaolin) (Figures 1a & 1b) as a partial replacement of cement in concrete. Metakaolin 

is a highly reactive alumino-silicate pozzolan that is rich in silica and alumina. These oxides 

combine with slaked lime, Ca(OH)2, in the presence of water (moisture) to form compounds that 

are virtually identical to the compounds in hydrated Portland cement (Fernandez et al. 2011). 

Kaolin is one of the industrial minerals that can be found in commercial quantities in Nigeria. It 

was estimated by Raw Material Research Council of Nigeria (RMRDC) that the country has a 

reserve of about three (3) billion metric tons of kaolin deposit scattered in different parts of the 

country which includes Ogun, Edo, Plateau, Nasarawa,  Katsina, Ekiti, Kogi, Abia, Kano, Niger, 

Bauchi, Sokoto, Kaduna, Oyo, Delta, and Borno States. The market for kaolin is large, sustainable 

and expanding because of the numerous applications of its products. Good prospects exist in kaolin 

mining and prospecting in Nigeria (RMRDC, 2008).  

Metakaolin was obtained by the calcination of kaolin clay to about 700 0C. Cement was replaced 

with metakaolin at 0, 5, 10, 15, 20, 25, 30, and 35% by weight, at 0.5 water-cement ratio. Tests 

such as chemical analysis, compressive strength, flexural or modulus of rupture, and bond strength 

were carried out on the concrete samples. Results of chemical analysis showed that metakaolin is 

a class “N” pozzolan (Table 1), while the mechanical test showed that the strength of concrete 

increased between 5% to 20% replacement of cement, and peaked at 20%, but decreased above 

this value (Figures 2 and 3). Concrete made with metakaolin performed better than the control 

sample at all the percentage replacements used in this work. Table 2 show the bond strength 

between concrete and steel rod reinforcement. The work concluded that metakaoline could 

conveniently replace cement in concrete, but should not exceed 20% in mass. 
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 Figure 1a: Raw Kaolin Clay                        Figure 1b: calcined kaolin (metakaolin)                                                

Table 1: Chemical Analysis Samples 

Chemical 

Content 

Kaolin % Metakaolin % Cement % 

SiO2 51.25 52.72 21.55 

Al2O3 40.70 41.18 5.64 

Fe2O3 1.18 1.74 3.16 

CaO 0.32 0.20 63.61 

MgO 0.28 0.10 4.56 

Na2O 0.16 0.06 0.51 

K2O 0.20 0.18 0.08 

LO1 10.17 1.33 3.12 

 

      

Figure 2: Compressive strength test result        Figure 3: Flexural strength results of samples 

 

0

5

10

15

20

25

30

35

40

0 5 10 15 20 25 30 35

Co
m

pr
es

si
ve

 s
tr

en
gt

h 
N

/m
m

2

Concrete samples %

7 days

14 days

28 days

90 days

0

5

10

15

20

25

C0 C5 C10C15C20C25C30C35

Fl
ex

ur
al

 S
tr

en
gt

h 
N

/m
m

2

Concrete Samples

28 day

90 days



8 
 

Table 2: Bond Strength Measurement 

Samples 28 days 

Failure 

Load 

(kN) 

28 days 

Maximum 

Slip 

(mm) 

28 days 

Bond 

Stress 

(MPa) 

90 Days 

Failure 

Load 

kN 

90 Days 

Maximum 

Slip (mm) 

90 days Bond 

Stress (MPa) 

C0 50 2.48 8.84 60 3.54 10.61 

C5 55 3.46 9.73 65 4.36 11.49 

C10 65 4.38 11.49 75 4.66 13.26 

C15 70 4.06 12.38 80 5.16 14.14 

C20 75 4.45 13.26 90 5.50 15.91 

C25 60 4.15 10.61 75 5.14 13.26 

C30 55 3.79 9.73 65 4.61 11.49 

C35 45 3.60 7.96 50 3.89 8.84 

 

2.2. Cement-based Concrete and Its Durability 

Mr Vice-Chancellor Sir, since it has been established that the production of cement has contributed 

about 8% of CO2 being released into the atmosphere, one of the alternatives to almost zero 

production of CO2 in the concrete industry is the use of what is called Geopolymer Concrete. 

Davidovits (2020) was able to compare the energy needs and CO2 emission of Ordinary Portland 

Cement (OPC) and geopolymer cement during production. He concluded that the production of 

geopolymer cement will require less than 59% energy and 80% reduction in CO2 emission. 

Geopolymer concrete technology is gradually becoming acceptable in the concrete industry, since 

one of the major problems of cement-based concrete is the issue of durability. In an aggressive 

environment, such as marine environment, concrete deteriorate over time. The effect of sulphate 

and chloride ions with the rate of deterioration of concrete in marine environment was investigated 

by Akinyele et al. (2018, 2021 and 2024) and Igba et al. (2019, 2021 and 2022). The ingress of 

sulphate and chloride ions into reinforced concrete structures has led to the continuous 

deterioration of bridge structures and some of the concrete jetties on the Lagos lagoon (Figures 4 

and 5), and this has been a source of concern to stakeholders in the concrete industry. The research 

investigated the current durability problems associated with these structures using indirect 

methods. 

Modelled samples of grades 30 and 40 concrete cubes and reinforced concrete beams were 

submerged for a one-year test in lagoon water with high salt contents, while control samples were 
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cured in freshwater. Compressive, flexural and pull-out tests were carried out on the concrete at 

28, 90, 220 and 365 days. Analysis Systems (ANSYS) software was used to simulate the reactions 

of the beam elements to loading on the 28th and 365th days. There was a general reduction in 

strength for concrete samples cured in lagoon water, while the freshwater-cured concrete increased 

in strength. A mathematical model was used to determine the deterioration rate of concrete 

elements and the result was compared with an existing model to determine its reliability. The 

current deterioration rate of the concrete elements was used to predict the future strength of all the 

concrete samples over a period 10 years.   

 

2.2.1. Deterioration equation 

The mathematical formula for predicting growth rate was adapted in the prediction of the strength 

deterioration of concrete submerged in the lagoon and freshwater over a period of time as shown 

in Equation 1:  

𝑃௙ = 𝑃௬⌈1 ± 𝐴௖௥⌉௡                        (1)  

Pf = strength in future year,      Py = 28 days strength, n = number of forecast years after base year 

(n>1)  

Acr = Deterioration rate for one year   
௏యలఱି௏మఴ

௏మఴ
  

V28 = Compressive strength at 28 days,   V365 = Compressive strength at 365 days    

The validation of equation (1) was determined when it was compared with equation (2) which is 

an existing model in the prediction of the compressive strength of concrete developed by ACI 209-

92 (1997).    

(𝑓௖
ᇱ)௧ =

௧

௔ା ఉ௧
(𝑓௖

ᇱ)ଶ଼                                                       (2)  

(𝑓௖
ᇱ)ଶ଼ = 28 days compressive strength, (𝑓௖

ᇱ)௧ = predicted compressive strength, t = age of concrete 

in days, ꞵ = a constant and a = a constant in days.  
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Figure 4: Failed pile caps of a bridge                Figure 5: Corroded steel piles of a jetty  

2.2.2. Compressive strength 

The grade 30 and 40 concrete samples cured in lagoon water were tagged BL30 and BL40, while 

the same grade cured in fresh water were tagged BF30 and BF40 respectively. The results in Figure 

6 showed the compressive strength values for all the concrete samples. The result clearly showed 

that the specimens BF30, BF40, and BL30 had increments in strength in the first 90 days, while BL40 

experienced a reduction in strength within the same period. However, all the lagoon-cured samples 

relapsed at the end of 365 days. 

The compressive strength result revealed that the deterioration rate within one year for BL30 was 

0.057, while that of BL40 was 0.044. This indicated that the grade 30 concrete cured in the lagoon 

water showed a sign of high deterioration when compared to the grade 40 concrete. The 

compressive strength of concrete was highly affected by sulphate attack in the samples cured in 

the lagoon water, supporting previous work by Al-Rabia et al. (1990) and Blikharskyy et al. 

(2021). 

This result was used to predict the long-term strength of the concrete cured in lagoon water if the 

deterioration rate remained constant over the years under consideration, using Equation 2. 

Applying this equation showed that the grade 30 concrete will have a compressive strength of 

24.10 MPa at the end of ten years, while the grade 40 concrete will have its strength reduced to 

31.11 MPa at the end of ten years.  

These results were compared with Equation 1, and the results shown in Figures 7 and 8 revealed 

that the R2 of the real and predicted compressive strength showed that the difference in the two 

results is very marginal, hence the mathematical model adopted in this work is very reliable. The 

deterioration values obtained at the end of ten years revealed the reason behind the general spalling 

or deterioration observed on all the reinforced concrete structures on the Lagos lagoon. The 
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reduction in strength has led to the wearing of the concrete facial on the pile caps of the bridges 

and all the jetties.  

 

Figure 6: Compressive strength test results  

 

Figure 7: Real and predicted compressive strength for BL30 

 

Figure 8: Real and predicted compressive strength for BL40 
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2.2.3 Flexural strength test 

Failure under tension along the flexural member was more sensitive to damage such as cracking, 

shear, and deflection. In Figure 9, the flexural strength of BL40 at 90 days had the optimum average 

flexural strength in all curing environments. This was due to the chemical reaction between the 

lagoon water, Ettringite (3CaO. Al2O3.3CaSO4.32H2O), and Calcium Silicate Hydrate (C–S–H) 

gel. However, this reaction was reversed after the 90th day with a gradual reduction in strength. At 

this stage, the negative effect of sulphate salts on the concretes and chloride on the steel 

reinforcement caused a reduction in strength. The freshwater cured beams gradually increased in 

strength from 28 to 365 days, leading to the optimum strength after curing for one year in BF40 

with a flexural strength of 28.3 N/mm2 when compared to BL40, BF30, BL30 with flexural strength 

values of 24.4 N/mm2, 24.6 N/mm2 and 20.3 N/mm2, respectively confirming that reinforced 

concrete beam samples cured in fresh water over a long period performed better than samples 

cured in lagoon water.   

 The following elements were detected in the concrete samples cured in the lagoon water at the 

end of 365 days: 11.55% of Si, 35.3% O2, 40.2% Ca, 1.2% Mg, 6.1% Fe and 5.5% C, there was 

no traces of sulphur (S ) in the concrete sample, this is because the sulphate ion has reacted with 

the calcium oxide (Ca(OH)2) and calcium aluminate (C3A) in the cement to form gypsum 

(CaSO4.2H2O) and ettringite (3CaO. Al2O3.3CaSO4.32H2O), these are the compounds that causes 

the expansion, cracking, bond and strength loss with the eventual disintegration of the concrete 

(Spalling). 

  

Figure 9: Flexural strength test result                 
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Figure 10: Bond strength test result  

  

2.2.4 Bond strength test 

The results of the pull-out test or bond strength test are expressed in Figure 10. The bond strength 

results generally showed that BF40 had increased bond strength between 28 to 365 days, with the 

peak strength at 18.6 N/mm2. BL40 samples cured in Lagoon water, however, behaved differently. 

The bond strength peaked at 90 days with a value of 26.52 N/mm2 but took a downturn to 16.79 
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corrosion to set in and encouraging the eventual reduction in the bond strength. 

The results of bond strength of samples cured in lagoon water (BL40) were in agreement with 

Apostopoulos (2012) and Demis et al. (2010), where in both cases, the bond strength increased 

with an increase in corrosion level at the initial stage of curing and later decreased as the concrete 

aged. The initial increase in bond strength was due to the increased roughness of the steel-concrete 

interface caused by the growth of the expansive rust.  

 

2.2.5 Beam simulation results 
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The result of the deflection of beams and steel bar deformation showed that BL40 deflected more 

than BF40 samples for all curing days. The high deflection in BL30 when compared to BF30, occurred 

as a result of both micro and macro wears that reduced the bond strength within the concrete matrix 

and the bars, as a result of sulphate attack on the concrete which was confirmed by the bond 

strength test. It was observed that the deflection in the BL30 sample increases as the age of the 

concrete increases. These observations from both concrete grades can be generally linked to the 

effect of sulphate and chloride attack on the concrete and steel bars in the samples buried in the 

lagoon water, respectively.  

The weak concrete flexural and bond strengths allowed more tensile stresses to act on the 

reinforcements, which allowed the large deformations experienced in the steel rod of the samples 

buried in the lagoon water. The deformation in the concrete samples buried in freshwater was low 

and continued to reduce as the age increased due to the increase in concrete strength, since there 

were almost no chloride and sulphate ions that would have acted as impurities to attack the 

reinforced concrete beams. 

The effect of the modelled structure confirmed that reinforced concrete beams under the effect of 

impact loading led to a reduction in maximum total deflection and maximum rebar deformation 

for reinforced concrete beam samples from 1 year to 10 years for samples cured in fresh water 

(Table 3). It was seen that the maximum deflection decreased from 4.458 mm to 4.1314 mm and 

from 3.9435 mm to 3.9063 mm for BF30 and BF40, respectively, while the maximum deflection 

increased from 4.7123 mm to 9.8303 mm from 28 days to 10 years and from 3.9903 mm to 32.3280 

mm from 28 days to 10 years for BL30 and BL40, respectively. This can be further explained that 

as concrete materials aged, they deteriorated faster with increased deflection for reinforced 

concrete beams submerged in lagoon water.  It should be noted that the predicted values for two 

(2) years, three (3) years and ten (10) years for the deflection of the beams and the rebar 

deformation shown in Table 3 were obtained from equation 1.  
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Table 3. Beam simulation results 

 BL40 BF40 BL30 BF30 

Maximum total beam deflection  in mm     

28 days 3.9903 3.9435 4.7123 4.458 

365 days 4.2230 3.9063 4.7886 4.1314 

2 years  6.0635  5.4588  

3 years 7.4744  5.8753  

10 years 32.3280  9.8303  

Rebar Maximum Deformation  in mm     

28 days 3.7844 3.7509 4.1616 4.0633 

365 days 3.8539 3.7256 4.1929 3.8292 

2 years  4.3287  4.4262  

3 years 4.6296  4.5647  

10 years 7.4098  5.6638  

 

2.3. Geopolymer Concrete in Aggressive Environment 

Mr. Vice-Chancellor Sir, the effect of aggressive environment on geopolymer concrete was 

investigated by Akinyele and Ewetade (2025), and Akinyele et al. (2025). Samples of geopolymer 

concrete were cured in lagoon water after 7 days of casting, while the control sample was cured at 

ambient temperature and were designated as (GPCW) Geopolymer concrete in water and (GPCD) 

Geopolymer concrete in dry condition respectively. Reinforced geopolymer beam sizes of 100 mm 

x 100 mm x 600 mm were subjected to flexural strength test, while concrete cubes of 100 mm x 

100 mm x 100 mm were subjected to compressive strength test at 28, 90, 180, 270 and 365 days 

in the laboratory. A numerical analysis program (ANSYS) was used to predict the normal stress, 

deformation and elastics strains developed in the concrete samples by simulating the experimental 

compressive and flexural strength test results. Scanning Electron Microscopy (SEM) analysis was 

conducted to investigate the microstructures of each concrete sample, while Energy Dispersive 

Spectroscopy (EDS) was used to determine the chemical compounds.  

  

2.3.1 Results of experimental analysis and modelling in beams 

The comprehensive study on the beam was conducted using static analysis simulation of concrete 

specimens to investigate the flexural and compressive strength properties using a geopolymer 

concrete consisting of 50% Metakaolin and 50% Ground Granulated Blast-furnace Slag (GGBS). 
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The ANSYS plots helped to quickly grasp critical areas and potential failure points with stress 

distributions and cracks as revealed in Figures 11a & 11b. The deflection in GPCD ranges from 

0.089-0.134 mm, while that of GPCW ranges between 0.0496-0.065 mm over one year. Both the 

compressive and tensile stresses in both concrete materials showed the same pattern of increment 

as the concrete ages.                   

The finite element results of the ANSYS analysis of the beam are shown in Table 4, while the 

deflection and stress distributions are shown in Figures 11a and 11b. The analysis yielded valuable 

insights into the mechanical behavior of geopolymer concrete under various loading conditions, 

focusing on the specimen: cube, and beam over time (28, 90, 180, 270, and 365 days). Figures 12 

and 13 showed that R2 from statistical analysis of the difference between the experimental flexural 

strength and the model flexural strength for GPCD and GPCW were 0.9979 and 0.9919, 

respectively, which are within the 5% (0.05) confidence interval. These results allowed the use of 

the ANSYS model to predict the deflection, tensile and compressive stresses in the beam. 

         

Figure 11: (a) Stresses distribution              (b). Deflection in beam. 

Table 4: The experimental and model results for the beam  

Days                                 GPCD                                   GPCW 

 Expt. 

Fl. 

(MPa) 

Model 

Fl.  

(MPa) 

δ (mm) σt  

(MPa) 

σc  

(MPa) 

Expt. Fl.  

(MPa) 

Model Fl.  

(MPa) 

δ (mm) σt  

(MPa) 

σc   

(MPa) 

28 16.62 16.22 0.089 16.62 33.13 9.28 9.23 0.0496 9.23 18.40 

90 17.89 17.54 0.094 17.54 34.97 10.98 10.55 0.057 10.55 21.03 

180 25.21 25.06 0.096 17.81 35.49 13.26 13.04 0.069 12.79 25.00 

270 21.00 21.10 0.114 21.20 42.07 13.02 12.79 0.071 13.26 26.42 

365 17.98 17.81 0.134 25.06 49.95 12.56 12.14 0.065 12.13 24.19 

Notations: Fl is Flexural strength; δ is deflection; σt tensile strength, σc is compressive strength. 
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Figure 12: Statistical modelling for Flexure in GPCD 

 

Figure 13: Statistical modelling for Flexure in GPCW 

 

2.3.2 Results of experimental analysis and modelling in cubes 

 Compressive strength is the most important mechanical property of concrete which is 

conventionally used to determine its strength. The pattern of result obtained in Table 5 showed that 

geopolymer concrete showed early increase in strength (80 MPa) at seven (7) days. After seven 

days, some of the samples were then cured in the seawater, and designated GPCW. At the end of 

28 days, GPCD increased in strength to 105 MPa while GPCW reduced in strength to 45.02 MPa, 

and maintained the gradual decrease to 40.01 MPa at the end of the 365th days of curing. The 

GPCD on the other hand increased to 145.75 MPa at the end of 180 days before reducing to 111.31 

MPa at the end of the 365th days of curing. The result obtained for GPCD is in agreement with the 
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results obtained from research conducted by Rüscher et al. (2010) where the early very high 

compressive strength in the GPCD could be attributed to the equal amount of metakaolin that was 

mixed with blast furnace slag at 50/50 by path, whereas the recommended mix for the two 

materials should be between 5-15/95-85 by path, respectively according to Davidovits (2020), who 

revealed that a high amount of GGBS will lead to a very high compressive strength of up to 98 

MPa at the first 60 days of curing before reduction in strength. "It is known that the higher the 

quantity of slag, the higher the compressive strength, but the lower physicochemical properties 

such as long-term behaviour, resistance to chemical corrosion, leaching values etc" (Davidovits 

2020: 634). The reasons for the decrease in the strength of GPCW are discussed in the Scanning 

Electron Microscopy (SEM) section.  

The long the ten year compressive strength for GPCD and GPCW was predicted using equation 2, 

the results showed that GPCD will have increased in strength to 122 N/mm2 and GPCW will reduce 

to 38.47 N/mm2 at the end of 10 years. 

The modelling of the experimental results using ANSYS showed that the differences between the 

experimental and model compressive strengths for the two concrete samples from Figures 14 and 

15 showed that the R2 were 0.9991 and 0.989 for GPCD and GPCW, respectively. These are also 

within the 5% (0.05) confidence interval boundary. With these results, the predicted deformation 

of GPCD that ranges between 0.696-1.099, and 0.393-0.353 for each sample can be said to reflect 

the true deformation of the cubes. Also, the predicted compressive stress and elastic strain are 

reliable based on the 0.95 confidence interval from the statistical analysis.  

The stress-strain curve for both the GPCW and GPCD are shown in Figures 16 and 17 respectively 

at 28 days. The curves showed a linear regression with both cubes failing at their yield point. The 

curve showed the elastic stage before yielding, and the plastic phase continued until final failure. 

The modulus of elasticity obtained from the slope of the graphs were 12.087 GPa and 12.085 GPa, 

for GPCW and GPCD, respectively. These values fall within the 10-20 GPa for cement-based 

lightweight concrete. 
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Table 5: The experimental and model results for the cube  

Days                                 GPCD                                   GPCW 

 Expt. fy 

(MPa) 

Model fy 

(MPa) 

δ (mm) σ 

 

(MPa) 

ε  

 

 

Expt. fy    

(MPa) 

Model 

fy 

(MPa) 

δ 

(mm) 

σ (MPa) ε 

7 80 80.56 0.696 17.763 0.0131 - - - - - 

28 105 105.08 0.908 23.168 0.0170 45.02 45.54 0.393 10.040 0.0074 

90 109.49 109.75 0.947 24.199 0.0178 42.52 43.20 0.373 9.525 0.0070 

180 145.75 145.95 0.960 32.181 0.0181 41.86 42.03 0.363 9.268 0.0068 

270 125.51 127.27 1.099 28.061 0.0207 40.90 40.90 0.353 9.010 0.0066 

365 111.31 111.16 1.265 25.510 0.0237 40.01 39.70 0.343 8.753 0.0065 

 Notations: fy is compressive strength; δ is deflection; σ is stress; ε is strain. 

 

Figure 14: Statistical model of compressive strength for GPCD 

 

Figure 15: Statistical model of compressive strength for GPCW 
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Figure 16: Stress-strain curve at 28 days (GPCW) 

 

 

Figure 17: Stress-strain curve at 28 days (GPCD) 

 

2.3.3 Scanning electron microscopy (SEM) 

The microstructural analysis was carried out by observing the SEM image for 28 days and 365 

days for both GPCD and GPCW. Figures 18 -21 showed the microstructures.  

These micrographs give an appreciation of the porosity of the samples and hence a qualitative 

assessment of their durability. The figures display the micrographs of both GPCW and GPCD 

specimens at magnifications (2000X) for the period under review. The GPCW sample (Figure 18) 

exhibited a disordered and incompact structure, with apparent fissures that may be attributed to the 

absence of hydration products. The sample is disjointed, interlaced granular particles that are 

composed of fundamental units of varying diameters. 
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This observation was in contrast to the micrographs of the GPCD samples (Figure 19). The sample 

illustrated the development of a uniform, more integrated structure with minimal porosity as a 

result of the formation of cementitious gels. The sample's strength is guaranteed by the presence 

of needle-like substances that are evenly distributed on its surface. The surface of GPCD sample 

is denser than that of the GPCW sample, that is, the micrographs demonstrate a denser structure 

following curing.  This may be attributable to hydration products as suggested by (Liu et al., 2021; 

Wang et al., 2021; Han et al., 2023) in their own research on cement based concrete.  

By comparing the microstructure with the compressive strength, it can be deduced that the high 

strength demonstrated by the GPCD cured specimen is due to the compact structure of the GPC 

composite. The immersion of GGBS/slag-induced GPC in distilled water was reported by 

Kanagaraj et al., 2022 to exhibit high compressive strength due to the formation of calcium silicate 

gel. However, according to Akinyele and Ewetade (2025), immersion in seawater with high content 

of deleterious substances reduced the compressive strength. Also, the unreacted metakaolin is 

dispersed sparingly on the surface of the composite, as revealed by the SEM micrograph. 

Figures 20 and 21 depict the micrographs for the GPCW and GPCD specimens at 365 days of 

curing age. For the surface of the GPCW sample (Figure 20), micro-clusters or masses can be 

observed but there are no significant cavities on the surface of the sample. On the other hand, for 

the GPCD samples after curing (Figure 21), micro-clusters (lumps) can be observed and there is 

the presence of some profound cavities after curing. These masses are a consequence of the 

irregular aggregate composition of the material. Also, cavities are formed when the irregular shape 

of the coarse aggregate combines with a weak interfacial effect with the cementitious material and 

leads to interstitials during curing.  

The fractures (void) observed could be a medium for the ingress of water into the matrix of the 

GPC composite, which has the potential to reduce strength and durability according to Ofuyatan 

et al., (2021). This was what led to the sudden reduction of the strength of GPCW between 27 days 

and 28 days from 80 MPa to 45 MPa. 

There seems to be a wash away of the binder particles and the fine aggregate due to the infiltration 

and weakening of the binding force between the matrixes by the seawater. The wash away was 

also responsible for the low strength observed in the GPCW samples compared to the GPCD 

samples.  
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  Figure 18: SEM image of GPCW at 28 days    Figure 19: SEM image of GPCD at 28 days 

 

        

Figure 20: SEM image of GPCW at 365      Figure 21:  SEM image of GPCD at 365 days 

 

2.3.4 Elemental composition of concrete samples 

The Energy-dispersive spectroscopy (EDS) spectra for each sample revealed the atomic 

concentrations in Table 6. All the samples consist of mostly silicate and aluminium, with 

considerable concentrations of sodium, and iron, with minor components such as potassium, 

chlorine, titanium, magnesium, sulphur, phosphorus, and calcium, indicating a complex matrix 

characteristic of natural geopolymer materials (Burduhos-Nergis et al. 2018). This composition is 

consistent with geopolymers, which are alumino-silicate materials and made geopolymers to be 

recognized for their high strength, stability, structural integrity, and wide range of uses (Lahoti et 

al. 2019). It can be observed that the GPCW specimen consists of a higher amount of chlorine 

when compared with the GPCD at each curing age, this was a result of the ingress of chlorine from 

the lagoon water into the concrete specimen, and the ingress was encouraged due to the presence 

of large microspores in the concrete samples. The presence of sulphur (sulphate) was generally 

low in both samples (< 1% on average) for all the curing days, it can be inferred that there was a 



23 
 

low penetration of this ion, hence the samples may not experience spalling that is very common in 

cement-based concrete due to sulphate attack, also, there was no evidence of the formation of 

ettringite and gypsum in the geopolymer concrete, these two materials are responsible for the 

deterioration of cement-based concrete in an aggressive environment. 

      Table 6: Elemental components of concrete samples 
Element 

GPCW   (Atomic weight %) GPCD   (Atomic Weight %) 

 28 

Days 

90 

Days 

180 

Days 

270 

Days 

360 

Days 

28 

Days 

90 

Days 

180 

Days 

270 

Days 

360  

Days 

Si 52.76 54.10 52.44 57.13 53.48 51.85 52.77 51.45 53.03 51.57 

Al 27.12 28.53 26.31 23.20 25.37 28.57 33.66 27.63 32.2 28.51 

Na 9.51 6.46 11.46 7.40 7.80 8.97 4.65 10.00 4.45 10.15 

Fe 2.78 1.75 2.45 2.97 2.55 3.47 1.30 2.85 2.33 1.61 

K 2.27 3.48 2.02 2.71 2.53 2.21 1.74 2.25 2.27 1.82 

Cl 1.51 1.31 1.28 2.70 2.99 0.57 0.73 0.92 0.57 0.84 

Ti 0.77 1.11 0.67 0.57 1.09 0.69 1.17 1.17 1.47 0.93 

Mg 1.49 1.18 1.32 1.39 1.97 1.44 1.28 1.18 1.45 1.56 

S 0.70 0.75 0.92 0.77 0.88 0.92 1.03 1.00 0.93 1.18 

P 0.64 0.83 0.76 0.65 0.82 1.03 1.12 0.88 1.10 1.04 

Ca 0.45 0.50 0.37 0.50 0.53 0.28 0.56 0.67 0.30 0.79 

  

2.4. The Use of Rubber Crumbs in Concrete 

Mr. Vice Chancellor Sir, discarded tyres has become a serious nuisance to the environment. 

According to Sgobba et al., (2010), it has been estimated that more than 250 million post-

consumption tyres were generated annually in the 15 States of the European Union. In 1992, about 

65% of the quantity produced in the then 12 member states was stored in dumps and only 35% 

underwent other regeneration process. In 2002, the situation was completely overturned in the 15 

member states. More than 65% of post-consumption tyres were prepared for reuse or exported, 

whereas less than 35% was stored in dumps. The management of waste tyre has been a source of 

major concern in many countries of the world (Khaloo et al., 2008). Accumulation of this waste is 
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found to be very dangerous, not only due to a potential negative environmental impact, but also 

because it presents a fire hazard and provides a breeding ground for rodents (Akinyele et al., 

2016a).  

According to Akinyele et al. (2016a), the improper disposal of solid and industrial waste has led 

to part of the problem that the world is currently battling with, the burning of some of these waste 

such as rubber from tyre has led to the release of poisonous gases such as sulphur in to the 

atmosphere, this gas reacts with oxygen in the air which eventually led to the depletion of the 

ozone layers and the formation of gases like sulphur dioxide which ultimately has led to acid rain. 

 

2.4.1. Production of lightweight concrete from waste tyre rubber crumb 

In a study by Akinyele et al., (2016a), rubber crumb was used to partially replace fine aggregate 

in concrete at 0, 4, 8, 12, and 16% and represented as C0, C4, C8, C12, and C16, respectively. The 

rubber crumb was obtained from a recycling plant, TOSAS in Wadeville, South Africa. 

Sieve analysis was carried out on the rubber crumb in order to determine particle distribution. 

Slump test was carried out on the wet concrete, while compressive and tensile strength tests were 

carried out on the hardened concrete. The distribution of the rubber particles in concrete was 

observed under a Celestron digital microscope to predict the effect of the crumb distribution on 

the light weight properties of the concrete. Scanning Electron Microscope (SEM) was used to 

examine the microstructures of the concrete, and Energy dispersing X-ray analysis (EDX), to 

determine the percentage elements in the concrete samples.  

 

2.4.2. Particle size distribution of rubber crumbs 

The particle size distribution test was conducted based on ASTM D 422 (2006). The sieve sizes 

mainly used for particle size distribution of fine aggregates are 10 mm, 4.75 mm, 2.36 mm, 1.18 

mm, 600 μm, 300 μm, 150 μm, and 75 μm. This test consists of dividing up and separating 

materials by means of a series of sieves named above, into several particle size classifications of 

decreasing sizes. The mass of the particles retained on the various sieves were then related to the 

initial mass of the material. The cumulative percentages passing each sieve were reported in 

graphical form in Figure 22. The particles size corresponding to any specified value on the 

percentage smaller scale can be read from the particle size distribution curve (Figure 22). The sizes 

of the particles passing through the sieve which are less than 10% of the total particles are denoted 
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by D10. Other sizes such as D30 and D60 can be defined in similar way. The size D10 is defined as 

the effective size. According to ASTM D2487 (2006), any clean aggregate with less than 5% fines, 

with grading requirements of Cu (coefficient of uniformity) greater than 6 and Cc (coefficient of 

curvature) greater than 1 but less than 3 is a well or uniformly graded aggregate. 

 

     Figure 22: Particle size distribution of rubber crumbs 

The particle size distribution curve for the recycled rubber crumb has a steep curve, indicating a 

type of aggregate containing particles of almost the same size. According to ASTM D2487 (2006), 

any clean aggregate with less than 5% fines, with grading requirements of Cu (coefficient of 

uniformity) greater than 6 and Cc (coefficient of curvature) greater than 1 but less than 3 is a well 

or uniformly graded aggregate. From Equations 3 and 4, the result obtained in Figure 22 showed 

that the recycled rubber crumb had Cu of 4.5 and a Cc of 2.0. The Cc value is within the 

recommended range, but the Cu is less than the recommended value of 6. Hence, it can be 

concluded that the recycled rubber particle is poorly graded. 

𝐶௨ =
஽లబ

஽భబ
                                  Eqn. 3 

𝐶௖ =
(஽యబ)మ

஽భబ௫஽లబ
                            Eqn. 4 

 

 2.4.3. Slump test of rubberized concrete 

The slump test is the most commonly used method of measuring the consistency or workability of 

concrete which can be employed either in the laboratory or on site. It was observed that all the 

concrete sample slumped evenly (true slump) during the test period, indicating that the entire 

sample had good consistency properties. 
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But from Figure 23, the slump value decreased as the percentage of rubber increased in the 

concrete mix. The C0 and C4 specimens both gave a slump of 25 mm, the C8 specimen has 20 mm 

slump value, while the C12 and C16 specimens had 15 mm and 10 mm slump, respectively. 

According to Akinyele et al. (2016a), the implication of this is that if the concrete is to be 

transported to a distance site, the water: cement ratio will have to be increased in order to increase 

its slump and workability before pouring. In general, the rubberized concrete specimens had 

acceptable workability in terms of ease of handling, placement, and finishing. The very low slump 

especially in all the rubberized samples could be attributed to the absorption of water by the rubber 

particles in the concrete mixture. Since the rubber crumb was dry, its affinity with water within 

the concrete environment was high, hence the almost dry concrete obtained. 

 

 Figure 23: Slump test results 

 

2.4.4. Compressive strength test 

The compressive strength test results are shown in Figure 24. The general trend was that the 

compressive strength reduced as the percentage of rubber crumb increased in the concrete mix. 

The ultimate strength for control specimen (C0) was more than that of C2 specimens by over 23%, 

while the C8 was lower than the control by 35%.  However, for total rubber concentrations greater 

than C12, the ultimate strength results were much lower than those of half of the control samples. 

The systematic reduction of ultimate strength in tyre rubber concrete might restrict the use of tyre–

rubber concrete, with tyre–rubber concentrations exceeding 8%, in structural applications. The 

reduction in compressive strength could be attributed to the decrease in adhesive strength between 
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the surface of the waste plastic and the cement paste.  ACI 213 (2003) recommended a minimum 

28 days compressive strength of 7 N/mm2 for light weight concrete (LWC), while BS 8110 (1997) 

required a minimum 28 days compressive strength of 15 N/mm2 for reinforced concrete, and a 

minimum 7 N/mm2 for plain concrete. The results from the study showed that rubber crumb could 

be used to replace fine aggregate in light weight concrete up to 16%, since the least 28 days 

compressive strength obtained for C16 was 19.40 N/mm2, which is greater than the recommended 

values (Akinyele et al., 2015; 2016a; 2016b ; Akinyele, 2017).  

   

 
Figure 24: Compressive strength result  

 

2.4.5 Tensile test  

The tensile test results for 14 and 28 days for all the samples are shown in Figure 25. It was 

observed that the tensile strength of the samples reduced as the rubber crumb added to the samples 

increased. The tensile strength for control, C0, was 2.76 and 3.11 N/mm2 for 14 and 28 days tests, 

respectively. The tensile strength reduced by 39 and 41% at 14 and 28 days, respectively, for the 

C4 sample. This trend continued with the entire concrete sample except C16 which gave 1.15 and 

1.33 N/mm2 at 14 and 28 days, respectively. The reduction in tensile strength could also be 

attributed to the weak interfacial adhesive force between the cement paste and the elongated 

surface of the rubber crumb.  
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Figure 25: Tensile strength result 

2.4.6. Microstructures of rubberized concrete 

The rubber crumb waste-mortar interfaces in all the specimens are shown in Figures 26–30. With 

the exception of specimen C0, which had no rubber crumb, the interfacial zones were less dense 

with micro-cracks and had relatively poor adhesion between the rubber waste and cement paste. 

These weak interfacial zone may have many serious influences on a range of properties of mortar. 

The poor adhesion between the rubber crumbs and the cement paste was very clear in these images. 

It was also observed that some rubber grains bonded to the surface of coarse aggregate while others 

were buried in the cement matrix. In Figures 26 and 29, droplets of water can be observed on the 

surface of the mortar, and virtually all the samples had capillary voids, which represented the space 

not filled by the solid components of the hydrated cement paste. The capillary void in the C8 sample 

was particularly conspicuous in Figure 28. There were micro cracks in Figures 27 and 29, which 

are potential point of failures under sustained loading. 

According to Mehta and Monteiro (2014), in well hydrated, low water-cement ratio pastes, 

capillary voids may range from 10 to 50 nm. In high water-cement ratio pastes, at early ages of 

hydration, the capillary voids may be as large as 3 to 5 μm and these capillary voids are irregular 

in shape. In addition to the large volume of capillary voids, a major factor responsible for the poor 

strength of the interfacial transition zone in concrete is the presence of micro-cracks (Figures 27, 

29 and 30). The amount of micro-cracks depends on numerous parameters, including aggregate 

size, types and grading, cement content, water-cement ratio, degree of consolidation or compaction 

of fresh concrete, curing conditions, environmental humidity, and thermal history of concrete.  
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 Poorly graded aggregate aids the development of micro-cracks within the concrete matrix. In 

addition, concrete mixture that contains poorly graded aggregate is more prone to segregation 

during consolidation; hence, water films can form around the coarse aggregate, as evidenced in 

Figures 26 and 29. There were lots of micro-cracks in the entire sample because of the poorly 

graded soil and rubber samples used in this research. The interfacial transition zone under the 

condition of water films formed around the aggregate were susceptible to cracking when subjected 

to the influence of tensile stresses caused by the differential movements between hydrated cement 

paste and aggregate. Such movement can occur either during drying or cooling of concrete. In 

other words, concrete can have micro-cracks in the interfacial transition zone even before a 

structure is loaded. Short-term impact loads, drying shrinkage and sustained loads at high stress 

levels will have the effect of increasing the size and number of micro-cracks. The above reaction 

confirms the postulation of Karakurt (2015) that the mechanical properties of cement-based 

composites are influenced by the microstructure matrix of the material. The aggregate matrix 

affects the mechanical properties and crack behavior of concrete, depending on the shape and 

elasticity of the aggregate. 

 

          

   Figure 26: Microstructure of C0                       Figure 27:    Microstructure of Sample C4  

                   

  Figure 28: Microstructure of C8                       Figure 29: Microstructure of C12  
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  Figure 30: Microstructure of C16 

 

2.4.7. Elemental composition of concrete samples 

Concrete consists of three major materials: cement, fine aggregate and coarse aggregate. Of these 

three major constituent of concrete, it is only cement that is not a naturally occurring material and 

it functions as the binder in concrete. Cement is prepared by heating limestone (a source of 

calcium) with clay in a klinker and grinding this product together with a source of sulphate. Cement 

consists of a mixture of oxides of calcium, silicon and aluminium. The proportion of CaO, SiO2, 

Al2O3, Fe2O3, MgO and SO3 in cement are 63%, 21.9%, 6.9%, 3%, 2.5% and 1.7% respectively. 

These chemical content consist of deferent elements that react together to give the different oxides. 

These elements are present either by atomic weight or by mass. 

Table 7 showed the element composition of all the concrete samples obtained from the x-ray micro 

analysis. It was observed that the amount of oxygen (O) was more than any other element in all 

the samples because, it is the dominant element in concrete, both its mass and atomic percentage 

reduced as the amount of rubber crumb increased in the concrete. Magnesium (Mg) also reduced 

in mass and atomic weight as rubber crumb increased. The same condition applied to silicon (Si), 

with the exception of sample C12 which had higher proportion of silicon in it. Aluminium (Al) also 

reduced as more rubber crumbs were added to concrete with sample C12 changing the trend. The 

same condition applied to the ferrous iron (Fe) element. Sample C8 did not have any trace of 

phosphorous (P), but the element reduced in other concrete samples as rubber crumbs content 

increased in the concrete, with the exception of sample C12 that had the same amount of element 

as the control, C0. For calcium (Ca) which reacted with oxygen to form the major oxide in concrete, 

the element reduced in the samples as the amount of rubber crumbs increased with the exception 

of sample C4 which had the highest percentage of calcium in it. C12 was the only sample that 
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contained potassium (K), while carbon (C) and sulphur (S) increased as the percentage of rubber 

crumbs increased in all the samples. It is believed that majority of these two elements were from 

the rubber crumb, since tyre rubber contains a very high percentage of carbon black and sulphur. 

The general trend from the x-ray analysis showed that the presence of rubber crumb in the concrete 

samples had some serious effect on the chemical composition of concrete by altering the amount 

of different elements present in the concrete samples. 

Although ordinary rubber may look chemically inert at room temperature, the result obtained from 

this work showed that there are some levels of chemical reactions within the concrete matrix due 

to the effect of rubber crumb, especially during the hydration period. The high sulphur and carbon 

present in the rubberized concrete acts as impurities during the hydration process and this led to 

the poor reactions in the chemical process and the eventual reduction in the strength of concrete. 

 

Table 7: Elemental components of concrete samples 

Element Sample C0 Sample C4 Sample C8 Sample C12 Sample C16 

 Weight 

% 

Atomic 

% 

Weight 

% 

Atomic 

% 

Weight 

% 

Atomic 

% 

Weight 

% 

Atomic 

% 

Weight 

% 

Atomic % 

C 4.91 8.31 8.35 13.85 6.74 11.05 8.39 14.12 17.80 27.22 

O2 52.92 67.19 52.44 65.28 55.49 68.32 47.49 60.03 48.11 55.24 

Mg 2.73 2.28 0.41 0.34 0.72 0.58 2.31 1.92 0.47 0.35 

Al 2.94 2.21 1.90 1.40 1.98 1.45 3.75 2.81 2.67 1.82 

Si 8.80 6.36 5.68 4.02 8.40 5.89 11.32 8.15 7.20 4.71 

P 0.90 0.59 0.35 0.23 - - 0.91 0.59 0.60 0.36 

S 0.92 0.58 1.16 0.72 1.38 0.85 1.19 0.75 1.50 0.86 

Ca 21.42 10.85 25.38 12.61 21.19 10.41 17.14 8.65 17.99 8.25 

Fe 4.46 1.62 4.33 1.54 4.11 1.45 5.81 2.10 3.65 1.20 

K - - - - - - 1.70 0.88 - - 

 

2.4.8. Elemental peak in rubberized concrete 

The energy-dispersive x-ray (EDX) analysis will basically help to determine the peak positions of 

element in a material and this position are specific to a particular element. The intensity (height) 



32 
 

of each element is proportional to its relative abundance in the material. This can occur when X-

radiation is produced by the time a specimen is barraged by high-energy electrons. The rays of 

electrons eject inner-shell electrons that are then substituted by outer shell electrons. This 

substitution results in emission of an x-ray characteristic for that element. The x-ray energy level 

is exhibited as the number of counts at each energy interval and emerges as peaks on a continuous 

background and referred to as an energy-dispersive x-ray spectrum (EDX) (FHWA-04-150 

(FHWA 2006)). 

It can be observed from Figures 31–35, that the peak positions of each element were determined 

from the concrete samples used in this work. The spectrum from concrete samples, exhibits 

mineral’s characteristic composition with oxygen, ferrous iron and calcium being the dominant 

elements. The unit on the horizontal axis is in kiloelectronvolts (keV). From Figure 31, ferrous 

iron (Fe), calcium (Ca) and oxygen (O) exhibited the highest intensity with Fe at the peak, and this 

took place at 0.5 keV, silicon (Si), and aluminum (Al) had the next higher intensity at 1.8 keV, 

while another element of calcium manifested at 3.8 keV. Carbon was noticeable at 0.3 keV, 

magnesium was between 1.3 and 1.5 keV, and a trace of ferrous iron element at 6 keV, but the 

intensity was very low. The dominance of Fe, Ca, and O was also observed in Figures 38, 39 and 

40, and all the peak intensity took place at 0.5 keV as was the case of the control. In Figure 37, 

another trace of calcium had the next higher peak at 3.8 keV, silicon and aluminum at 1.8 keV, 

other elements such as magnesium and phosphorus, were found with lower intensity, while sulphur 

had the lowest peak in all the samples at 2.4 keV. Interestingly, potassium (K) was manifested in 

sample C12 (Figure 34) only with a very good intensity. It was recessive at 0.4 keV but well 

manifested at 3.8 keV along with the excess calcium. The major advantages of the EDX analysis 

are: (a) spectrum analysis for quantitative and qualitative chemical analyses (b) plotting of relative 

concentration of selected elements along a line using scan analysis (c) spatial distribution and 

relative concentrations of elements using x-ray imaging (XR), and (d) aiding phase identification 

through its chemical signature (FHWA-04-150 (FHWA 2006)). 
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Figure 31: Element peaks in sample C0           Figure 32: Element peaks in sample C4 

     

Figure 33: Element peaks in sample C8            Figure 34: Element peaks in sample C12 

 

Figure 35: Elements peak in sample C16 

 

2.5. The Use of Polyethylene Terephthalate (PET) Wastes in Concrete 

Mr Vice-Chancellor sir, my inquisitive mind also made me consider the use of the popular “plastic 

bottle” made from Polyethylene Terephthalate (PET) that has become a nuisance to our 

environment as a useful material in concrete.  

Siddique et al. (2008) in their work on the use of plastic in concrete said that plastic consumed in 

the United Kingdom (UK) in 2003 amounted to 4.7 million tons, out of which 3 million tons ended 

up as waste. In the United States of America (USA), plastic consumption rate for the same period 

was 26.7 million tons with 11 million tons ending as waste.  According to Safi et al. (2013), due 
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to the very low biodegradability and the presence in large quantities of plastic waste, the proper 

disposal of these wastes will constitute a major benefit to the environment.  

According to Akinyele et al. (2020), and   Harrington (2017), many of the waste generated from 

this PET material has ended up in water drains and eventually into the ocean. Some school of 

thoughts believed that by 2050, there will be more plastics than fish in the ocean of the world if 

this trend is not quickly addressed. Although there is no reliable data on the amount of plastics that 

is generated daily in Nigeria, but it is estimated to be around 2.5 million tons annually (Idowu, 

2024). There had been efforts from different researchers in Nigeria to find a permanent solution to 

this menace.  

Akinyele and Ajede (2018) carried out a research on the ways in which waste PET can be 

effectively recycled as an alternative material in concrete production. The granulated plastic waste 

was used to partially replace fine aggregate (quarry dust) at 0, 5, 10, 15, 20%, and the concrete 

formed from the replacement was designated P0, P5, P10, P15 and P20, respectively. Slump tests 

were used to determine the workability of the wet concrete, while compressive strength, tensile 

strength, bending moment and deflection tests were carried out on the hardened concrete. 

 

2.5.1. Particle size distribution of PET  

The particle size distribution is extremely important for the design of any concrete mix. For a good 

concrete it is desirable to have particle size that are evenly distributed from the largest size of the 

coarse aggregate to the smallest soil particle. This will enable the aggregate to compact well and 

fill more void that may be left for the more expensive cement particles to fill up. 

The particle size distribution curve for the PET (Figure 36) had a steep curve, indicating a type of 

aggregate containing particles of almost the same size.  The granulated plastic particles used for 

this study, are coarser than the quarry dust being replaced in the concrete mix. From Figure 42, the 

Cu of 2.35, and Cc of 1.01, were calculated, classifying the sample as poorly graded because the 

coefficient of uniformity was less than 6, according to the recommendation of ASTM D2487 

(2006). It is believed that the PET will complement the quarry dust in the concrete mix because of 

their varying size. The quarry dust can easily fill up the space within the granulated plastics while 

the cement paste will fill any other space left behind in the heterogeneous mixture. 
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Figure 36: Particle size distribution of PET 

2.5.2 Compressive strength of PET concrete 

The compressive strength of concrete is about ten times its tensile strength, which was why the 

compressive strength is taken as the ultimate strength of concrete. The values of compressive 

strength for the concrete models at 0%, 5%, 10%, 15% and 20% (P0, P5, P10, P15, and P20) at the 

end of different curing periods (7 days and 28 days) are shown in Figures 37 and 38, representing 

varying strength of concrete cubes in each of various percentages of quarry dust replacement with 

recycled plastic granules.  From Figure 37, there was gradual decrease in compressive strength 

from P0 - P5 by about 0.06 N/mm2. Between P5 and P10, there was a sudden decrease of 3.35 N/mm2. 

From P10, the compressive strength continuously decreased but of less steep slope of 0.94 N/mm2 

from P10 to P15 and 2.5 N/mm2 from P15 – P20.  Figure 38 showed that the compressive strength at 

28 days decreased by 4.51%, 14.49%, 19.83%, and 32.30% when compared to P0 (control). 

Therefore, the compressive strength decreased with every addition of plastic content replacing 

quarry dust at all ages although the strength of all mixtures continued to increase with the age. 

The reduction in strength can be attributed to the weak interfacial bond or adhesive force between 

the granulated plastic and the cement paste that acts as a binding agent in cement. The smooth 

surface of the granulated plastic does not give place for proper bonding in the concrete matrix. 

According to Mehta and Montero (2014), the principal source of strength in the solid products of 

the hydrated cement paste is the existence of the van der Waals forces of attraction. Adhesion 

between two solid surfaces can be attributed to these physical forces, the degree of the adhesive 

action being dependent on the extent and the nature of the surfaces involved. The small crystals of 

calcium sulfoaluminate hydrates (C-S-H), and hexagonal calcium aluminate hydrates possess 

enormous surface areas and adhesive capability. These hydration products of Portland cement tend 
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to adhere strongly not only to each other, but also to low surface-area solids, such as calcium 

hydroxide, anhydrous clinker grains, and fine and coarse aggregate particles. Generally, the 

compressive strength of each sample increases with increase in age, this can be attributed to 

increase in the degree of hydration of the concrete, and therefore a reduction in capillary pores 

within the concrete matrix. 

ACI 213 (2003) recommended a minimum 28 days compressive strength of 7 N/mm2 for light 

weight concrete (LWC), while BS 8110 (1997) required a minimum 28 days compressive strength 

of 15 N/mm2 for concrete to be used as reinforced concrete, and a minimum 7 N/mm2 for plain 

concrete. The results obtained showed that plastic waste can be used to replace fine aggregate up 

to 20% in lightweight concrete, based on the recommendation of the above standards; this is 

because at 28 days the 20% replacement gave compressive strength of 17.1 N/mm2, which is higher 

than the 15 N/mm2 recommended.  

 

Figure 37: Seven day Compressive strength PET concrete 

 

Figure 38: Twenty Eight day compressive strength PET concrete   
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2.5.3 Tensile split strength  

The tensile strength of the concrete samples in Figure 45 confirmed that the compressive strength 

was about ten times greater than the tensile strength. It was discovered that split tensile strength of 

concrete model P0, P5, P10, P15, and P20 also depended on the percentage of plastic used as was the 

case for the compressive strength. The variation of split tensile strength is as shown in Figure 39. 

The reduction in split tensile strength with replacements of quarry dust at various percentages of 

recycled plastic particles at 28 days curing period can also be attributed to the reasons given above 

under compressive strength test. 

 

 

Figure 39: Tensile strength of PET concrete 

 

2.5.4 Bending moment  

The results in Figure 40 are for the concrete (beam) at 28 days. The bending moment of the 

concrete beam decreased with every percentage increase of plastic in the mix.  The result showed 

that the variation in bending moment between 0% and 10% replacement of quarry dust with 

recycled plastic in concrete beam was almost linear, and also between 10% - 20% replacement. 

For 5%, 10%, 15%, and 20% replacement of quarry dust with recycled plastic particles, the 

percentage decrease in moment were 12.9%, 28.6%, 30.1%, and 34.6%, respectively, as compared 

to the control mix. The reduction in moment is in line with the results obtained by Ismail and Al-

Hashmi (2012), Baboo et al. (2012), and Choi et al. (2005). 
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Figure 40: Bending moment PET beam 

 

2.6. The Use of Plastic and Glass Wastes in Bricks 

Mr Vice-Chancellor Sir, Soda-lime glass or Soda-lime silica glass was used in the production of 

burnt bricks by Akinyele et al. (2020b). This material is the most common type of commercial 

glass and it is comparatively inexpensive, very fragile in nature and amenable to recycling 

(Hasanuzzaman et al., 2016). This implies that it is the most used glass material and mostly 

disposed of as waste. Soda-lime glass is used in the production of window panels, bottles for 

beverages and food, light bulb, jars and other commodity items.  

This study investigated the use of crushed glass and polypropylene (plastic) granules in two sets 

of fired clay bricks. These wastes were added to bricks at 1, 2, 3, 4, and 5% proportions and the 

bricks were fired to 800 0C in an electric operated kiln for about four hours. The glass infused 

bricks were designated as T1, T2, T3, T4, and T5, while those with plastics were designated as P1, 

P2, P3, P4 and P5, respectively. The control burnt brick was without any waste. Water absorption, 

shrinkage, and mechanical strength tests were carried out on each brick. Scanning Electron 

Microscopy (SEM) was used to investigate the microstructural characteristics of each brick. 

 

2.6.1. Water absorption test results 

When excess water infiltrates brick, it makes the clay swell and hence makes the brick less 

durable. Water absorption is an important measure of the durability of the brick. The internal 

structure of the brick must be dense enough to allow very little or no amount of water to pass 

through it. Through the process of firing of bricks, the crystal structure of the brick will be altered 
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and clay particles tend to be more packed, hence increasing the density of the fired brick.   From 

Figure 41, it was observed that bricks with zero percent glass and plastic in them had the highest 

water absorption rate of 16.15%, bricks with 5% glass in them had the lowest rate of water 

absorption at 10%, while those with plastics had 14.29%. The reduction in water absorption of the 

brick samples indicated that the increase in the liquid phase of the material at such a high firing 

temperature caused a decrease in the pore volume of the particles in the brick.  

Generally, it was observed that water absorption decreased as the percentage of waste glass in the 

brick samples increased. The waste glass particles fused with the clay bodies and this contributed 

to the increase in density of the clay brick. The waste plastic samples experienced reduction in 

absorption rate as more plastic were added to the bricks, but the rate was generally higher when 

compared to the samples that contained glass. The implication of this is that during firing, most of 

the plastic dissolved at a very high temperature creating voids within the brick structures, and the 

void left behind after cooling must have been filled up with water during the absorption test. The 

remaining void space was occupied by both the glass and plastic waste in each sample; hence the 

general reduction in absorption rate when compared to the control sample. 

 

 

Figure 41: Water absorption test result 

 

2.6.2. Firing shrinkage 

Firing shrinkage is dependent on the amount of water lost within clay particles. During firing at 
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create problems such as cracks. In Figure 42, it was observed that shrinkage increased as the 

percentage of waste glass and plastic in waste bricks increased. The brick without waste had a 

shrinkage of 0.67%, while bricks T5 and P5 had the highest shrinkage values of 2.04 and 2.13%, 

respectively.  

The implication of this is that during firing, the waste materials within the bricks reacted to firing 

by melting and thus creating more void within the clay materials as water also evaporate, hence 

creating more chance for the fusing together of clay particles. This action eventually had an effect 

on the overall size of the individual bricks after firing. Bricks must have a firing linear shrinkage 

lower than 8% to retain good performance (ASTM C62-04, 2004). Results indicated that all the 

bricks had linear shrinkage less than 8%, which was a good performance. Shrinkage depended on 

the amount of waste added. The firing shrinkage obtained for all samples were within the safe 

limits as indicated in ASTM C326 (2014). 

 

 

Figure 42: Firing Shrinkage  

 

2.6.3. Compressive strength result 

Compressive strength is the most relevant measurement in ascertaining the quality of construction 

material. The compressive strength is the basis at which all other properties of structural materials 

are valued. The higher the compressive strength of a material, the more durable the material is for 

construction use. The results in Figure 43 indicated that the compressive strength of the fired bricks 

was enhanced by the addition of waste glass, while plastic waste reduced the strength. As the 

percentage of waste glass present in the bricks increased, the compressive strength increased too, 

which indicates that the compressive strength is dependent on the amount of waste material present 
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in the brick. The addition of the waste glass contributed to the vitrification process and the closing 

of internal pores by glass materials. But the plastic waste cannot be said to contribute to 

vitrification positively.  

Burnt bricks can be generally classified into four categories and this classification depends on the 

compressive strength and water absorption properties (Kou et al., 2009). Bricks with compressive 

strength of about 14 N/mm2 and water absorption rate not more than 20% when immersed in water 

for 24 hours, are called first class bricks. They are very good for external walls and flooring 

purposes. The second class type has compressive strength not less than 7 N/mm2, and water 

absorption rate not more than 22%. This type is good for both exterior and interior works where 

plastering is not required, but are not good for flooring. The next brick which is the third category 

has compressive strength that ranges between 3.5 – 7 N/mm2 with water absorption rate not more 

than 26%. This type of burnt brick is used for ordinary construction. The fourth class bricks have 

a strength of about 15 N/mm2 with very low porosity, that is water has a very slim chance of 

entering it during the absorption test. This type of brick is not good for building purpose but are 

mostly used for road construction. The results from Figure 43 showed that burnt bricks mix with 

2-5% glass can be categorised into the second class types, while the bricks with 0-1% glass are the 

third class type of bricks. For the plastic mixed bricks, the 1-3% plastic in burnt bricks can be 

classified into the third class group, while any plastic mix above 3% fell out of all the standard 

classes. None of the bricks falls into the fourth category with compressive strength more than 15 

N/mm2. The above results imply that glass can be used in burnt bricks at 5% replacement, and 

plastic waste is a good material in burnt brick provided that the percentage replacement in the brick 

does not exceed 3%. The 2% plastic in burnt brick is above the 3.5 N/mm2 recommended by the 

brick development association and this result is a confirmation of the work of Akinyele et 

al. (2020a) who reported that plastic or polyethylene terephthalate (PET) can be mixed with burnt 

brick at less than 5% proportion. 
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Figure 43:  Compressive strength test result 

 

2.6.4. Flexural strength test result 

The flexural strength sometimes referred to as the modulus of rupture, also represents the bending 

stress in the brick are shown in Figure 44. The result indicated that as the amount of waste glass 

in bricks samples increased, the modulus of rupture also increased. Although samples with plastic 

showed inconsistency in modulus of rupture, there was a general increase in flexural strength in 

all the samples when compared to the control. Flexural strength of 7.19 N/mm2 was the highest 

achieved with 5% of waste class added to the brick sample. Brick samples containing 4% waste 

glass came close in terms of flexural strength of 7.17 N/mm2. The lowest value was obtained from 

the control at 5.54 N/mm2. The modulus of rupture occurs as a result of internal reactive forces 

that are resisting an applied external force. The internal mechanical state of a body is described by 

the stresses and strains at all points in it. Within the elastic limit of the body, the internal reactive 

forces are numerically equal to the external forces. At the point of failure, the internal forces 

generated are referred to as the modulus of rupture or maximum bending stress. Whenever the 

internal reactive forces are exceeded, the bricks will develop cracks and it will eventually fail. 

During the loading of the structure, the maximum bending and shear stresses were generated at the 

points very close to the surface of the bricks. The maximum bending stress was at a point directly 

opposite the applied load, and the shear stresses were at the support points of the bricks. The 

compressive stress is generated at the top surface where the external load was directly applied, 

while the tensile stresses were generated at the bottom parts of the brick materials. Table 8 showed 

the maximum shear stresses developed in each block as a result of the external load. Burnt brick 

sample T5 gave the maximum shear stress of 3.02 N/mm2 while the lowest shear stress was in the 
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control sample P0 and T0 at 2.33 N/mm2. The positive effect of the glass and plastic wastes in the 

brick showed that they both strengthened the bricks by increasing the internal resistance to the 

externally applied load because all the values obtained for both bending and shear stresses are 

higher than those of the control samples. 

 
Table 8: Structural Properties of Burnt Bricks 

Sample Density 
(kg/m3) 

Compressive 
strength 
(N/mm2) 

Shear 
Stress 
(N/mm2) 

Structural 
Efficiency 
 (x 103 m) 

 

T0 & P0 1376 6.15 2.33 4.47  
P1 1376 4.02 2.99 2.92  
P2 1376 3.57 2.98 2.59  
P3 1354 3.16 2.99 2.33  
P4 1322 2.82 2.99 2.13  
P5 1322 2.61 2.97 1.97  
T1 1376 6.67 2.54 4.84  
T2 1376 7.78 3.00 5.65  
T3 1376 8.97 3.01 6.52  
T4 1376 10.16 3.01 7.40  
T5 1376 11.02 3.02 8.01  

 

 

Figure 44:  Flexural strength test result 

 

2.6.5. SEM analysis results 

The microstructural properties of the burnt bricks were investigated using a scanning electron 

microscope. The purpose of this test was to determine the arrangement of the material in the bricks, 

the size of voids and micro-cracks that were present within the brick structures. Figure 45 showed 

the microstructure of the controlled sample. The average size of the micro-cracks observed was 
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between 10.43 and 17.59 μm. These cracks were developed during the firing of the bricks, and 

some of these cracks were occupied by water before the firing process commences. During firing, 

the high temperature breaks down the original lattice structure of the clay minerals, which allows 

new crystal compounds to be formed, water were evaporated leaving behind micro-voids and 

cracks observed in the figure. 

The micrograph of samples P1 and P5 in Figures 46 and 47 respectively revealed void of the area 

ranging from 23689.39 to 95756.68 μm2 for P1 while sample P5 has void area range of 3068.59 to 

3083.06 μm2, with additional micro-crack width of 63.73 μm. These are large pores and cracks left 

behind by the melted plastic material in the burnt brick, this large voids might have contributed to 

the very low performance of all the samples containing waste plastic. These are potential weak 

points during the mechanical test carried out on the brick samples. 

The microstructures of samples T1 and T5 are shown in Figures 48 and 49, respectively. It can be 

observed that the size of the micro-cracks in sample T1 was between 8.96 to 13.70 μm, while that 

of T5 was between 5.89 to 8.17 μm. These crack sizes are very small when compared to that of the 

control and plastic mixed samples. They must have contributed to the structural efficiency of the 

brick sample, especially T5 which had the smallest cracks when compared to all the other samples 

and the highest structural efficiency of 8.01 x 103, which is about 180% greater than the control 

sample of 4.47 x 103. The arrow in Figure 49 showed the glass particles within the brick material. 

Apart from the bonds that held the brick materials together, the effect of micro-cracks and voids 

to the structural characteristics of burnt bricks cannot be underestimated. 

 

   

Figure 45: The microstructure sample P0         Figure 46: The microstructure of sample P1 
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Figure 47: The microstructure of sample P5   Figure 48: The microstructure of sample T1 

 

 

Figure 49: The microstructure of sample T5 

 

3.0 CONTRIBUTIONS TO HUMAN DEVELOPMENT 

In my journey into the academic, I have contributed and am still contributing in the three areas. I 

have been involved in human development through teaching, supervision of students, extension 

services in forms of engineering design and construction within and outside the Federal University 

of Agriculture, Abeokuta. 

3.1 Teaching 

I have taught courses such as: Structural Analysis, Strength of Materials, Design of Concrete 

Structures, Bridge Design, Design of Steel and Metal Structures, Prestressed Concrete design, 

Advanced Structural Mechanics, Numerical Methods in Structural Engineering, Finite Element 

Methods, Theory of Plates and Shells, Foundation Engineering, Concrete materials, Hydraulics 

Engineering, Transportation Engineering, Project Management Engineering, Elements of 

Architecture and many more at the Federal University of Agriculture, Abeokuta and as a visiting 

lecturer at the University of Ibadan at both the undergraduate and postgraduate levels.  
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3.2. Student supervision 

I have successfully produced five doctoral candidates, three of which I was the major supervisor 

while I co-supervised two. Of the three that I was the major supervisor, two are currently my 

colleague in the department, Drs. U.T. Igba and A. Adetiloye, while others are; Drs. O.A. Ewetade, 

O.A. Akintula and S.E. Apeh. I have also supervised over 20 Masters degree dissertation and over 

70 undergraduate projects. 

3.3 Leadership 

I was the Ag. Head of Department of Civil Engineering from 2016 to 2018. I have served in many 

university committees, such as the student disciplinary committee, users committee, departmental 

PG and undergraduate coordinator and many more. I led the design team that designed the College 

of Engineering building complex and was part of the team that rehabilitated the FUNAAB 

ceremonial road and the FUNAAB-Alabata road in 2014 and 2017. 

3.4. Awards 

I received an award from Elsevier Publishing group on the publication of an article that is linked 

to the United Nations Sustainable Development Goals, “The use of Polypropylene and Glass 

wastes in bricks” (2022). I got a Postdoctoral Fellowship Award of Tshwane University of 

Technology, Pretoria, South Africa 2015, and the TETFUND conference travel grants in 2010 and 

2019. 

 

4.0 CONCLUSIONS 

Mr Vice-Chancellor Sir, distinguished ladies and gentlemen, I have attempted through this lecture 

to discuss the importance of creating a safe environment   for ourselves, animals and plants through 

the recycling and use of alternative materials to cement and aggregates.  

From waste to strength: My exploration of alternative ecofriendly materials in the production of 

cement has revealed that calcined kaolin (metakaolin) and geopolymer concrete are good substitute 

to Portland cement, while waste materials like used tyre rubbers, polyethylene terephthalate (PET) 

and waste glass materials can partially replace sand, granite, gravels and clays in the production 

of concrete and burnt clay in the construction industry.    

The major focus of various research on engineering materials is to improve the quality of these 

materials, especially the strength, in order to withstand stresses and strains that normally lead to 

wear, tear and eventual failures. The conversion of some of these waste materials into use in 
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concrete has truly improved the structural properties, especially the strength of concrete from my 

research.  

These series of research are expected to meet the sustainable development goal (SDG 13 on 

Climate Action) by reducing greenhouse gas emission and mitigate climate change, promote 

climate adaptation measures and resilience, increasing awareness and education on climate change. 

 

5.0 RECOMMENDATIONS 

In view of the research efforts that has gone into the use of alternative materials for cement, and 

recycled non-biodegradable waste as alternative aggregates in concrete, I hereby recommend as 

follows: 

(i) The use of metakaoline in place of cement in concrete will reduce the energy used in 

the klinker and CO2 emissions during cement production. But the proportion of 

metakaolin replacement of cement should not exceed 20% by weight. 

(ii) The use of geopolymer concrete instead of the Portland cement-based concrete in my 

research has showed that geopolymer has a very high compressive strength and it is 

found to be resistance to sulphate and chloride ions which are the major causes of 

deterioration in cement based reinforced concrete structures, with the attendant 

advantage of being eco-friendly. 

(iii) The recycling of plastics and rubber waste as aggregates in concrete production should 

not exceed 20% and 16% by weight respectively. While in burn brick, glass and plastic 

waste should not exceed 5% and 3% respectively. The use of these waste materials will 

reduce the current pollution of the environment and water bodies. 

(iv) There is an urgent need to step up research in the production of alternative materials 

for cement, and the re-use of waste materials in the construction industry. A better 

funded research with the provision of adequate facilities and a world class Central 

Workshop for the College of Engineering, FUNAAB will aid more research 

breakthroughs in the College of Engineering in this particular area.  

(v) Intentional synergy between the cement producers and the various universities and 

research institutions on how to adopt some of these pozzollanic materials in the 

production of cement should be established. 
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(vi) An urgent legislation on the appropriate recycling of non-biodegradable waste that 

could be used as alternative aggregates in concrete production should be done.  
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