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Abstract 

Road transport is a catalyst in the social and economic development process and is key in the 

provision of key amenities.  In Bomet County, Kenya, over 1500kms of roads have been opened 

up and graveled since 2015.  Despite this investment, the roads continue to deteriorate 

drastically under two years after completion. This paper investigated the rapid deterioration by 

correlating the distress features in gravel roads post-maintenance vis-a-vis material properties 

of gravel used. The general objective was to establish the effect of material properties on the 

rate of road deterioration. Five roads, one in each sub-county and their corresponding borrow 

pits were sampled. Gravel road deterioration was established through visual survey of the 

surface condition using the Unpaved Road Condition Index (URCI) method. The distress 

features measured were rutting, corrugations, potholes, loose aggregates, inadequate drainage, 

improper road formation and dust. The corresponding borrow pit material used was tested in 

accordance with BS 1377: 1990 specifications. Three samples were collected in the 

corresponding borrow pits, per road, per sub-county. A total of fifteen gravel samples were 

collected and transported to the materials laboratory for testing. The tests conducted were; 

Particle size distribution, Atterberg limits, Compaction test, California Bearing Ratio (CBR) 

and swell at 4 days soak, on specimen molded at Optimum Moisture Content (OMC) at 3 levels 

of compaction, 90%, 95% and 100% Maximum Dry Density (MDD). The various distress 

features identified were correlated with the initial material properties of the gravel used. The 

study established a correlation of 0.9 and 0.8 between the Plasticity Index and distresses loose 

aggregate and potholes respectively. CBR was found to primarily correlate with rutting by 0.5. 

The percentage of fines in gravel correlated with distress features loose aggregates, 

corrugations and potholes by 0.5, 0.8 and 0.6 respectively. The MDD correlated with ruts and 

corrugations by 0.7 and 0.6. The OMC correlated with corrugations and potholes by 0.8 and 

0.7. These findings indicate that the material used for road construction plays a role in its 

deterioration rate. During design, the incorporation of the findings leads to quality, sustainable 

mailto:korirfc@gmail.com
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designs while together with proper workmanship, meteorological and geographical data about 

the area, more durable gravel roads can be guaranteed during construction. 

Key abbreviations: Gravel road deterioration, Gravel Material Properties, Material Testing, 

Unpaved Road Condition Index, Gravel roads 

1. Introduction 

1.1. Introduction 

Gravel roads are constructed and maintained annually in Sub Saharan Africa, in particular 

rural Kenya. Over 500kms are constructed annually in Bomet County, Rift Valley. This 

development has since improved transport, however, the state of the road infrastructure in 

rural Kenya is still wanting as roads continue to deteriorate faster than they are maintained. 

This deterioration in general negates the positive impact brought upon by annual 

maintenance. Road deterioration is a factor of climate of the area, traffic, road drainage and 

properties of material used (Alzubaidi & Magnusson, 2002). The paper sought to isolate and 

investigate how the material properties of gravel used in road maintenance correlate with the 

distress features observed in the various roads sampled in Bomet County, Kenya. The roads 

sampled were last maintained in 2019, and the study conducted four years later. The distress 

features indicate the rate of deterioration of the roads. The findings will inform the selection 

of borrow pits and in turn improve the quality of road infrastructure constructed.  

1.2. Objectives 

The overall objective was to establish the correlation between borrow-pit materials properties 

with the distress features developed in gravel roads constructed of the same. The paper 

compared each property with the distress features to establish whether it contributes to their 

occurrence. Material properties correlated include plasticity index, percentage fines, 

optimum moisture content, and maximum dry density. The distress parameters directly 

correlated include; potholes, rutting, presence of loose aggregates and corrugations.  

1.3. Deterioration of Gravel Roads  

Deterioration of roads is contributed to by several factors including; quality of gravel material 

used, workmanship, weather conditions and traffic volumes. Adverse weather conditions; 

specifically wind and rain effectuates the loss of gravel on a gravel road (Sunley, 1996). 

Distress features require prompt maintenance to avoid further deterioration resulting in road 

failure. 

The major cause of wear of the road is traffic (Alzubaidi, 1999). Traffic causes erosion of the 

gravel in two ways. The first way is due to the wave disturbance caused and also abrasion 
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due to the friction and torque developed by the driving wheel. Under the vehicle loads, the 

particles on the road surface experience high stresses that leads to displacement. This 

displacement of particles is transmitted to the lower layers of the road and ultimately leads 

to pavement deflection ( Jones , Robinson , & Snaith, 1984).   

The particles also rub against one another and are ground, eventually the larger particles 

become smaller. These are dislodged by the vehicle tailwind and are thrown in the air and 

others displaced by the vehicles at high speed to the side of the road (Da SIlva, Ribeiro, 

Furlan, & Fabbri, 2021). The more it occurs, the more fines are generated and the road 

becomes easily dented and rutted. 

Different seasons affect gravel roads differently.  During the rainy season, gravel absorbs the 

water and hence reducing the bearing capacity. When it’s hot and dry, the road surface and 

subsequent layers dry up and cohesion decreases significantly.  Dust is then generated, which 

when easily displaced leads to ruts and dents along the carriageway (Skorseth, 2000).  

Abrasion occurs during grading of the road. The grader blade grazes, crushes and cuts into 

the gravel surface. Abrasion is highest in dry conditions, and lowest during wet conditions. 

Overall, the abrasion caused by a grader is way less compared to that caused by traffic loads 

( Federal Highways Authority, 2015).  

1.4. Road distress features 

Fines dispersed in the air is dust which therefore means that the larger and medium sized 

particles in the road structure remain unbound. This dust defect causes other distresses like 

compaction of the road fill material and lowered cohesion (Jones, 1984).  Ravelling is the 

loss of larger gravel particles. The loss occurs when particles get displaced by traffic after 

fine particles have been lost as a result of erosion and carried away as dust (Yellow Rivers 

Watershed Management Authority, 2000). 

Slipperiness occurs when the road has more fines than coarse particles on the road surface. 

Coarse aggregates get crushed during dry seasons under vehicular loading causing 

disproportion in particle size. During the wet season, the surface becomes very slippery and 

as a result vehicles get stuck and even get veered off the carriageway (Alzubaidi, 1999). Ruts 

are longitudinal depressions in the wheel tracks resulted by high moisture content in the base, 

insufficient gravel thickness, and excessive traffic loads (Jones, 1983). 

Corrugations are a series of folds and depressions across the gravel surface due to inadequate 

gravel surface cohesion due to loss of fines (Riverson & Scholer, 1987). Potholes are little 

dents along the gravel road surface several inches deep resulted by extreme moisture content, 
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deficient drainage and drainage structures, inadequately graded aggregate, or a mixture of all 

the listed factors (Frankel & Tahmoorian, 2022). A road with many potholed sections 

indicates that the road base was poorly done and also that the road may not have been formed 

to camber or that drainage was not sufficiently provided or that there was excess traffic 

leading to overloading of the wearing course (Huang, 1961). Depressions are sectional low 

areas, several millimetres below the adjacent road surfaces produced by settlement, extreme 

moisture content, and improper drainage (Alzubaidi, 1999). These cover larger areas as 

compared to potholes. Other indicators of road distress are improper cross sectional area and 

insufficient drainage. 

1.5. Previous studies conducted 

In the past, studies have been conducted by various researchers to determine the cause of gravel 

road deterioration with a few attempts to correlate material properties to the same. In Kenya, 

Jones (1984) conducted a maintenance study on unpaved roads to investigate deterioration. The 

main objective of the report was to provide an improved deterioration relationship for unpaved 

roads for use in a computer model for estimating construction, maintenance and vehicle costs 

of roads. The research aimed at establishing a relationship between distress features namely 

gravel lose, surface looseness, roughness, rut depth as well as journey time with traffic loading, 

climate, geometry, camber and shoulder compaction. Different sections with different gravel 

compositions were selected for the study. The output was the gravel lose equation later 

modified to include effect of rainfall in isolation. Overloaded vehicles at the time was found 

not to have any impact on the roads. The author did not go further into analyzing what 

properties of the identified gravel namely quartzitic, lateritic, volcanic and sandstone that 

contributed or rather could be attributed to the distress features identified. This study was able 

to establish viable models relating the distress features and the material properties of gravel. 

In South Africa, Paige-Green (1989) conducted an in-depth study of ‘The influence of 

Geotechnical properties on the performance of gravel wearing course material’. This study 

aligns to his, and in a section of his study, he correlated distress features with material 

properties using multiple correlation analysis. He established a single prediction model for each 

distress parameter. He ascertained their viability through the correlation coefficient. The 

distresses were dust, stoniness, potholes, cracks, loose material, drainage and erosion, 

slipperiness, ruts, corrugations and passability. The material properties were similar to those 

tested in this study. The output was a material specification chart correlating shrinkage product 

and the grading coefficient. For roads to be all weather Paige noted that adequate material 

strength was required. This called for a new design procedure that took into account effects of 
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material quality, traffic, climate, subgrade strength and proper construction procedures as 

opposed to having a nominal thickness of 150mm.  This study came up with this model that 

captures road deterioration as a factor of material properties for gravel used. 

Tadesse (2017) in his work ‘Investigating the effect of wearing course material performance 

on the serviceability of unpaved gravel roads’ correlated the serviceability rating to the 

performance of wearing course material, roughness and distress features.   

From the correlation between the present serviceability rating and the roughness index, the 

study established an R2 correlation of 0.8. The second set of correlation was conducted between 

material properties namely the grading coefficient (GC), shrinkage product (SP), plasticity 

index, (PI), liquid (LL) and plastic (PL) limits and the serviceability. The multi linear regression 

correlation yielded a viable correlation of 0.73. The last correlation is between serviceability 

and the distress features namely ruts, corrugations, potholes and raveling through multi linear 

regression. The model yielded a correlation of 0.5 (Tadesse, 2017). This study correlated other 

material properties, namely; OMC, MDD and CBR which were not captured by Tadesse 

(2017). 

1.6. Research Design and Procedures 

The study was conducted using the procedure illustrated in Figure 1. 
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Figure 1: Research Design and Procedures 
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2. Materials and Methods 

2.1. Overview of Methods 

Maintenance frequency of gravel roads largely depend on the original construction standard, 

the traffic load and the prevailing climate. Based on the road condition, repairs are done and 

in severe cases, reconstruction is done. The quality of material used affects durability of 

gravel road constructed (Frankel & Tahmoorian, 2022). The correlation between distress 

features identified on sampled roads and the corresponding laboratory results was determined 

using simple linear regression. From the regression, the coefficient of correlation R2 and p-

value was obtained.  

Bomet County has five sub counties. One road and one borrowpit from each subcounty was 

sampled. Data collection was done and material testing conducted from five borrow pits 

located in map as shown in Figure 2. Five roads maintained all in the same year and using 

gravel from the sampled borrow pits were sampled for assessment. The Unpaved Road 

Condition Index (URCI) evaluation was conducted on the sampled roads to identify the 

distress features and their severity. R statistics analysis software was used to correlate the 

two sets of data obtained. R is the programming language used by the software. 

 

Figure 2: Map of Sampled Borrow Pits (Source: (Google Maps, 2023) 

The quality of gravel used for maintenance was tested, three gravel samples were collected 

at each borrow pit and transported on the same day for testing. Material testing was conducted 

in accordance with the BS 1377: 1990 specifications. The tests conducted were Particle size 

distribution/Grading to 0.075mm sieve (BS1377: Part 2: 1990), Atterberg limits (BS1377: 

Part 2: 1990), Standard Compaction test (BS1377: Part 4: 1990) and CBR (BS1377: Part 4: 



African Journal of Engineering Research and Innovation. Volume 2. No. 4, December 2024 

7           ISSN: 2957- 7780 

1990) and swell at four days soak, on specimens moulded at OMC at three levels of 

compaction, around 90%, 95% and 100% MDD (Ministry of Works Tanzania, 2000). 

Pavement evaluation entails several aspects including structural integrity, structural capacity, 

roughness and rate of deterioration. Observation of distress features appearing on the surface 

can be conducted as a form of assessment of the aforementioned factors (Eaton & Beaucham, 

1992). The URCI is a numerical indicator based on a scale of 0 to 100. The URCI indicates 

the road’s integrity and surface operational condition. The distresses captured in the survey 

with respect to extent and severity, across the effective road width were; improper cross 

section, drainage, corrugations, dust, potholes, ruts, gravel loss and usable width.  

The road was first split into sections with the criterion being similarity in characteristics; 

especially for long roads. The road sections had similar characteristics like traffic, road 

surface condition, structural composition and construction history. For condition inspection 

the section was further sub divided into sample units of areas between 140 and 325 square 

metres. A sample unit measured 30m long, however in cases where the road was under 4.5m 

width, the length was increased, and reduced for sections with road width greater than 10.5m 

(Eaton & Beaucham, 1992). Of importance was to select sample sections that were typical of 

the whole section. Two sample units were required per kilometre and for roads under point 

eight of a kilometre, one sample unit was taken. For each sample unit the distress parameters 

were weighted and rated.  The URCI was calculated using the following steps; first the distress 

measurements were recorded in the URCI Sheet individually, second, the density of each 

distress type was calculated as follows in Equation 3.1 (No density calculation needed for 

dust). 

𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐷𝑖𝑠𝑡𝑟𝑒𝑠𝑠

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑆𝑎𝑚𝑝𝑙𝑒 𝑈𝑛𝑖𝑡
∗ 100 ………………………………………………..… (1)  

Using severity level and density, the deduct values were determined from deduct-value 

curves for each distress type. These were summed up to obtain the Total deduct-value (TDV). 

The q value is the number of individual deduct values greater than five. Using the TDV and 

q from the URCI curve, the URCI for each sample unit was obtained. The road rating was 

the average of the ratings from all the sample units.  

2.2. Analysis of Data Obtained From Materials Testing and URCI 

Once data was obtained from the five sampled borrow-pits and roads, the data was analysed to 

establish a correlation of the two sets of data using R software (Chambers, 2023). R is a 

language and environment for statistical computing and graphics. The study investigated 

whether the distress features identified in the road section could be accounted for by the 
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material properties of the gravel. From the software, the output was the y-intercept, the slope, 

the p-value and correlation coefficient R2. For this study the main interest was in the p-value 

and correlation coefficient R2. 

2.3.Conceptual Framework 

The layout of the relationship of the moderating, dependent and independent variables are 

illustrated in Figure 3. 

        Independent Variables                                                                   Dependent Variables 

 

 

 

 

    

 

 

 

 

3. Results  

3.1.Particle Size Distribution and Atterberg Limits  

Gravel consists of a mix of coarse grained particles and fine grained particles. Coarse 

particles are responsible for strength, high load-bearing capabilities and high drainage 

abilities. Fines improve binding properties, densification and imperviousness of the road 

structure. Atterberg limits describe the state of material depending on the moisture content. 

The particles can either be in solid state, semi-solid state, plastic state or liquid state 

depending on water content. The results are tabulated in Table 1. 

Table 1: Particle Size Distribution and Atterberg Limits results 

Borrow pit 

Sub-County 

Sample 

No. 

Grading 

% Passing BS Sieve Size (mm) Atterberg Limits 

20 10 5 2 0.425 0.075 

Required 

% 

95-100 65-100 45-85 30-68 18-44 12-32 LL PL PI LS PM 

Bomet East 

TP1 100 78 59 47 22 17 NON-PLASTIC 

TP2 100 80 62 49 23 16 38 23 38 23 38 

TP3 100 80 61 45 23 16 39 25 39 25 39 

Chepalungu 
TP1 100 88 77 59 24 18 31 17 14 7 336 

TP2 100 74 51 28 24 21 53 27 26 14 624 

Material Properties 

1. Plasticity Index & 

Percentage Fines 

2. CBR 

3. MDD 

4. OMC 

1. Traffic 

2. Weather conditions 

3. Subgrade strength 

4. Construction procedures 

Road Distress Features 

1.Potholes 

2.Ruts 

3.Loose Aggregates 

4.Corrugations 

Figure 3: Conceptual Framework of Dependent and Independent Variables 
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Borrow pit 

Sub-County 

Sample 

No. 

Grading 

% Passing BS Sieve Size (mm) Atterberg Limits 

20 10 5 2 0.425 0.075 

Required 

% 

95-100 65-100 45-85 30-68 18-44 12-32 LL PL PI LS PM 

TP3 100 85 70 44 20 16 46 23 23 12 460 

Bomet Central 

TP1 100 85 79 58 21 9 NON-PLASTIC 

TP2 100 78 64 46 21 14 37 20 17 9 357 

TP3 100 89 68 37 14 7 NON-PLASTIC 

 Sotik 

TP1 100 68 51 40 28 21 54 25 29 15 812 

TP2 100 56 42 36 39 19 52 29 22 11 858 

TP3 100 76 61 51 39 32 52 31 21 11 819 

Konoin 

TP1 100 76 64 45 14 7 NON-PLASTIC 

TP2 100 84 64 39 11 6 NON-PLASTIC 

TP3 100 78 64 49 18 21 NON-PLASTIC 

3.2.Compaction Test, CBR & Swell 

The maximum dry density and optimum moisture content values for every sampled borrow-

pit were attained from moisture-density curves plotted from Proctor tests and CBR conducted 

and displayed in Table 2. CBR measures the ability of material to sufficiently bear loads. 

Table 2: Compaction Test Results 

Borrow pit 

Sub-County 

Sample 

No. 

Compaction 

T180 
CBR Average 

CBR 

95% 
MDD 

Kg/m3 

OMC 

(%) 
90% 95% 100% 

Swell 

(%) 

Bomet East 

TP1 2139 9.1 27 61 102 <0.1 59 

TP2 2146 8.6 29 60 104 <0.1 

TP3 2151 8.4 25 55 97 <0.1 

Chepalungu 

TP1 2155 8.4 15 35 63 <0.1 37 

TP2 2080 12.2 18 46 81 <0.1 

TP3 2103 10.4 11 31 48 <0.1 

Bomet Central 

TP1 2120 8.3 14 48 75 <0.1 45 

TP2 1780 14.1 12 45 78 <0.1 

TP3 2121 8.4 11 43 75 <0.1 

 Sotik 

TP1 1768 15 10 23 42 <0.1 25 

TP2 1780 14.1 12 27 43 <0.1 

TP3 1774 16.3 10 24 40 <0.1 

Konoin 

TP1 2020 6 - - - <0.1 0 

TP2 2044 7.2 - - - <0.1 

TP3 2050 7.9 - - - <0.1 
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3.3.Unpaved Road Condition Index Data 

Five roads were sampled, one road per sub-county. The five roads selected were maintained 

in the same financial year by different implementation teams and contractors. The material 

used in each road was obtained from different borrow pits, all which were sampled and tested 

by this study. These roads were proposed for sampling by the respective implementation 

teams. The equipment used were; a hand odometer, a straight edge, a tape measure and a 

ruler. The study conducted a windscreen survey driving from start to end of the road, and 

back while selecting sections to be sampled and marking them. The respective sub-county 

URCI results were detailed in Table 3. 
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Table 3: URCI results 

Sub County Section Sample Width Length Area Chainage URCI Rating 

Bomet East 

1 1 4.3 

3.7 

150.5 0+300 69 

48.7 

 
Fair 

 2 4.1 164 0+800 45 

   2 3 4.5 148.5 1+000 30 

 4 3.5 150.5 1+800 39 

3 5 4 148 2+300 37.5 

 6 3.8 129.2 2+600 32.5 

4 7 3.8 144.4 3+700 88 

Chepalungu 

1 1 4.2 

3 

184.8 0+500 62.5 

61.2 Good 

 2 4.5 180 1+000 59 

2 3 4.1 164 1+700 65 

 4 4.4 154 2+000 60 

3 5 4.2 268.8 2+300 53 

 6 4.7 164.5 2+800 67.5 

Bomet Central 

1 1 4.5 

3.2 

144 0+000 40 

66.9 Good 

 2 3.3 165 0+700 84 

2 3 4.1 139.4 1+400 53 

 4 3.3 151.8 1+800 70 

3 5 3.9 156 2+300 98 

 6 3.7 155.4 2+700 88 

4 7 3.4 146.2 3+100 35 

Sotik 

1 1 4.6 

3.4 

151.8 0+000 72 

71.4 
Very 

Good 

 2 4.8 158.4 0+600 60 

2 3 4 172 1+300 70 

 4 3.9 156 1+800 71 

3 5 3.9 179.4 2+200 69 

 6 4.5 135 2+900 100 

4 7 4.6 179.4 3+400 57.5 

Konoin 

1 1 4.5 

3.3 

148.5 0+000 71 

61.3 Good 

 2 4.5 171 0+600 64 

2 3 4.8 168 1+200 58 

 4 4.7 164.5 1+800 65 

3 5 4 160 2+200 45 

 6 4.5 180 2+800 80 

4 7 4.8 172.8 3+300 46 
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3.4. Dependent and Independent Variables 

A sample of the data collected from the URCI from Chepalungu is shown in Table 4. The values used for analysis were obtained as a total of the 

deduct values for each distress feature as a percentage of the total deduct value of all the distress features. 

Table 4: Detailed URCI Results 

SUB COUNTY CHEPALUNGU LENGTH 3KM 

  SECTION 1 SAMPLE 1 SECTION 1 SAMPLE 2 SECTION 2 SAMPLE 3 

  LENGTH 44 WIDTH 4.2 LENGTH 40 WIDTH 4.5 LENGTH 40 WIDTH 4.1 

  AREA 184.8 CHA 0+500 AREA 180 CHA 1+000 AREA 164 CHA 1+700 

DISTRESS QUANTITY DENSITY DV   QUANTITY DENSITY DV   QUANTITY DENSITY DV   

Improper Cross Section 44.0 23.8 15.0   40.0 22.2 15.0   40.0 24.4 15.0   

Inadequate Roadside Drainage  88.0 47.6 19.0   80.0 44.4 26.0   80.0 48.8 19.0   

Corrugations   0.0     22.4 12.4 8.0     0.0     

Dust   0.0       0.0       0.0     

Potholes    0.0     4.0 2.2 8.0   6.0 3.7 10.0   

Ruts 70.4 38.1 25.0   64.0 35.6 24.0   40.0 24.4 21.0   

    0.0       0.0       0.0     

Loose Aggregate    0.0       0.0       0.0     

  F.Q   TDV 59 F.Q   TDV 81 F.Q   TDV 65 

  URCI 62.5 RATING GOOD URCI 59 RATING GOOD URCI 65 RATING GOOD 
 

 

 

 URCI 61.2 RATING GOOD TOTAL 

INDIVIDUAL 

DISTRESS 

DV 

TOTAL 

INDIVIDUAL 

/ TDV  

% 

 SECTION 2 SAMPLE 4 SECTION 3 SAMPLE 5 SECTION 3 SAMPLE 6 

 LENGTH 35 WIDTH 4.4 LENGTH 64 WIDTH 4.2 LENGTH 35 WIDTH 4.7 

 AREA 154 CHA 2+000 AREA 268.8 CHA 2+300 AREA 164.5 CHA 2+800 

DISTRESS QUANTITY DENSITY DV   QUANTITY DENSITY DV   QUANTITY DENSITY DV   

Improper Cross 

Section 

35.0 22.7 15.0   64.0 23.8 16.0   35.0 21.3 14.0   90.0 0.214 21 

Inadequate 
Roadside 

Drainage  

70.0 45.5 18.0   64.0 23.8 10.0   70.0 42.6 17.0   109.0 0.260 26 

Corrugations   0.0       0.0       0.0     8.0 0.019 2 

Dust   0.0       0.0       0.0     0.0 0 0 

Potholes    0.0       0.0       0.0     18.0 0.042 4 

Ruts 24.0 15.6 17.0   89.6 33.3 23.5   44.5 27.1 22.5   133.0 0.317 32 

    0.0     89.6 33.3 30.0     0.0     30.0 0.071 7 

Loose Aggregate  105.0 68.2 20.0   66.6 24.8 11.0     0.0     31.0 0.073 7 

 F.Q   TDV 70 F.Q   TDV 90.5 F.Q   TDV 53.5 419.0     

 URCI 60 RATING GOOD URCI 53 RATING FAIR URCI 67.5 RATING G00D       
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The dependent variables for all the sub-counties are tabulated in Table 5; 

Table 5: Dependent Variables 

Sub-County 

Distress Features 

Konoin Sotik Bomet 

Central 

Bomet 

East 

Chepalungu 

Improper Cross Section 20 16 31 22 21 

Inadequate Roadside 

Drainage  

29 48 19 20 26 

Corrugations 0 13 0 4 2 

Dust 0 2 0 0 0 

Potholes  1 6 4 5 4 

Ruts 14 6 27 36 39 

Loose Aggregate  36 9 18 13 7       

URCI 61.3 71.4 66.9 48.7 61.2 

Of the seven parameters the study selected corrugations, potholes, ruts and loose aggregates to 

be used for analysis based on the frequency of occurrence. 

The independent variables used are tabulated in Table 6; 

Table 6: Independent Variables 

Sub-County 

Material Properties 

Konoin Sotik Bomet 

Central 

Bomet 

East 

Chepalungu 

% Fines (Passing Sieve 0.075) 11 24 10 16 18 

PI 1 24 17 15 21 

MDD (Kg/m3) 2038 1774 2007 2145 2113 

OMC (95%) 7 15 10 9 10 

CBR 1 25 45 59 37 

3.5.Regression Analysis  

To examine the correlation of the distress to the material properties, regression analysis was used. 

The dependent variables were the distress parameters namely loose aggregates, corrugations, ruts 

and potholes; and the independent variables were the material properties.  

The independent variables were analysed against each dependent variable through simple linear 

regression to establish whether a direct linear relationship exists. The analyses were done through 

R Studio Software. Significance of the correlation was ascertained by assessing the p-value and 

R2 value. The p-value evaluates the probability that the results attained in the model occurred by 

chance. A p-value of less than 0.05 was statistically required for a model to be considered 

significant; on the basis of a 95% percent confidence interval; which implies that the results of 

the model would occur by chance alone only five times in every 100 trials (Hesham, Christina, & 

Ali, 2011). The R2 value shows the percentage of the total variance in the dependent variable 

explained by the independent variable; therefore, a value close to 1.000 is ideal.  The values of 

the models generated were tabulated in Table 7. 
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Table 7: Correlation Coefficients and P-Values 

 Loose Aggregates Corrugations Ruts Potholes 

 R2 P R2 P R2 P R2 P 

Percentage fines 0.4931 0.1861 0.8309 0.0312 0.0645 0.6801 0.5329 0.1614 

Plasticity Index 0.9137 0.0111 0.3757 0.1861 0.0209 0.8162 0.8158 0.0356 

OMC 0.4553 0.2116 0.805 0.0389 0.188 0.4658 0.665 0.0925 

MDD 0.0169 0.8347 0.588 0.1303 0.7435 0.0601 0.1495 0.5202 

CBR 0.3935 0.2573 0.0011 0.9574 0.5123 0.174 0.3764 0.2711 

Some parameters were strongly correlated and yielded significant models while others barely had 

any correlation. The simple linear regression produced several significant models. From the loose 

aggregate simple linear regression, the plasticity index variable yielded a significant model with 

a p-value of 0.01 and an R2 value of 0.91 Figure 4(a) below. For corrugations, the independent 

variables were percentage fines with p value of 0.03118 Figure 4 (b) and Optimum Moisture 

content with a p-value of 0.03896 in Figure 5(a) and an R2 value of 0.8 for both. The simple linear 

regression for ruts also yielded a significant model for the independent variable maximum dry 

density with a p-value of 0.06 and an R2 value of 0.74 Figure 5(b).  

Potholes also correlated with plasticity index with a p-value of 0.036 and correlation coefficient 

R2 of 0.82 and significantly as well with OMC with a p-value of 0.09 and R2 value of 0.7 as shown 

in Figure 6 (a) and (b). This means that for all the significant models above, the variance and 

degree of distress can be associated with the respective variables.  

 

Figure 4: (a) PI vs. Loose aggregates plot (b) Percentage fines vs. Corrugations plot 
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Figure 5: (a) OMC vs. Corrugations plot (b) MDD vs. Rutting plot 

 

Figure 6: (a) PI vs. Potholes plot (b) OMC vs. Potholes plot 

4. Discussion of Results  

4.1.Correlation between Plasticity Index and Loose Aggregates 

From the loose aggregates simple linear regression, the plasticity index variable produced a 

significant model having a p-value of 0.01 and an R2 value of 0.91. The two variables have a 

negative correlation meaning the higher the plasticity index, the lower the amount of loose 

aggregates present.  

𝑦 = −0.7384𝑥 + 27.889………………….. (2) 

Plasticity Index is a factor of fines, the two are directly proportional. The presence of sufficient 

amount of fines in gravel is important in terms of binding the structure together. Cohesion varies 

with moisture and amount of fines. When both moisture and fines are in excess, gravel loses 

the adhesive effect due to expansion of the solids framework, causing a loss in mechanical 

contact through excessive volume change. As a result vehicles lack adequate grip get stuck 

along the carriageway, in this case the fines acts as a lubricant more than a binding element 

(Paige-Green, 1989). However, with minimum moisture conditions, fines do not develop the 

cohesion needed to resist surface abrasion, which leads to loss of gravel and dust. Loose 

aggregates on a road surface are a result of insufficient adhesion between fine and coarse 

particles in the gravel surface material. Loss of fine particles further results in presence of rough 

patches on the surface (Adlinge & Gupta, 2018). 
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4.2.Correlation between Percentage Fines and Corrugations  

From the corrugations simple linear regression, the percentage fines variable yielded a 

meaningful model having a p-value of 0.01 and an R2 value of 0.91.  

𝑦 = 0.9658𝑥 + 12.174     (3) 

The correlation was positive, meaning an increase in fines beyond a certain point results in an 

increase in corrugations. 99% of corrugations occurrence were in conjunction with the amount 

of percentage fines and plasticity index of the gravel. Fines act as a binder and improve cohesion 

of particles and resistance to abrasion.  However when in excess and in different weather 

seasons, the cohesion is affected. In rainy season, the fines absorb the moisture and therefore 

swells leading to slipperiness and displacement of coarse particles under traffic loading.  

4.3.Correlation between Optimum Moisture Content and Corrugations 

From the corrugations simple linear regression, the OMC variable generated a significant model 

with a p-value of 0.03 and an R2 value of 0.8. 

𝑦 = 0.4941𝑥 + 8.3452     (4) 

The positive correlation implies an increase in moisture content beyond the OMC results in 

increase in occurrence of corrugations. 97% of corrugations developed are related to OMC 

Moisture content is varied accordingly during compaction of gravel roads. Compaction 

decreases wearing course permeability and improves water shedding capacities. When water is 

too little, compaction is not evenly done to enable the road structure to attain its maximum 

density and strength. When the water is in excess, the fines in the gravel absorb the moisture 

hence reducing the density and resistance to deformation. When moisture is in excess the 

particles also lose the cohesiveness and get viscous. The water fills the voids almost completely 

keeping the soil particles apart hence leading to a drop in density. Upon further traffic loading, 

the weakened section ravels further and forms corrugations.  

4.4.Correlation between Maximum Dry Density and Rutting 

There exists a positive correlation between MDD and rutting. The simple linear regression 

produced a viable output with a p-value of 0.06 and an R2 value of 0.07. 

𝑦 = 9.0039𝑥 + 1795.2     (5) 

. A gradual increase in the MDD results in an increase in the probability of rut formation. 94% 

of ruts occurring are as a result of MDD. Ruts are caused by a permanent deformation in any of 
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the road layers or subgrade. They result from repeated vehicle passes, especially when the road 

is soft and not well compacted to MDD.  When a heavily compacted soil mass undergoes shear 

loading, it has a tendency to expand. This expansion that occurs is uneven, hence some areas 

are weaker than other parts. This loosening enables water to permeate more easily hence 

weakening the road structure. Soils that are heavily compacted beyond the MDD display sudden 

decline in strength under shear loads, leading to displacement of particles leading to rut 

formation. Whe compacted, the material becomes self stabilised and properly stiffened hence 

spreading traffic loads better. This improved load spreading reduces stresses to the subgrade 

hence reducing the amount and risk of rutting (Dawson, Kolisoja, Vuorimies, & Saarenketo, 

2007).  

4.5.Correlation between Plasticity Index and Potholes 

From the potholes simple linear regression, the plasticity index variable generated a significant 

model with a p-value of 0.03 and an R2 value of 0.81.  

𝑦 = 4.5365𝑥 − 3.1465      (6) 

The correlation is positive, meaning an increase in Plasticity Index beyond a certain point results 

in increase in pothole development. 97% of potholes occurrence are in conjunction to amount 

of fines and plasticity index of the gravel. Potholes are produced when traffic wears away fines 

of the road surface. They grow faster when water collects inside the indent created. The road 

continues to disintegrate because of loosening surface material and formation of weak spots in 

the underlying soils. Plasticity index is a factor of fines especially clays. Fines have a binding 

effect on road surface particles.  The fines bind together the coarse aggregate enabling it to 

resist abrasion. A high amount of fines also affects the strength of the structure as a result of 

increased swelling and shrinkage. This leads to weak areas in the compacted structure which 

allows water to penetrate. Upon continuous loading and wet conditions this further leads to 

ponding and displacement of particles leading to road failure. Therefore, sufficient grading is 

required to ensure that the amount of fines is in adequate quantities (Paige-Green, 1989).  

4.6.Correlation between Optimum Moisture Content and potholes 

From the potholes simple linear regression, the OMC variable yielded a viable model with a p-

value of 0.09 and an R2 value of 0.7.  

𝑦 = 1.3521𝑥 + 4.6126      (7) 
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The positive correlation is denotes an increase in moisture content beyond OMC results in 

increase in pothole formation. 91% of potholes occurrence were due to moisture related 

conditions. Excess moisture together with traffic action weaken the pavement by reducing its 

bearing strength. Moisture content at optimum enables better compaction of the gravel particles 

by replacing the air particles and binding the gravel fines and coarse aggregates. Beyond OMC, 

the adhesion and cohesion of the moisture decreases and instead results in displacement of 

particles. This decrease results in weaker bonds between the fines and the coarse aggregates, 

these bonds cannot withstand vehicular loading. This therefore results in displacement of 

particles. Constant displacements leads to forming of depressions which trap more moisture and 

the cycle repeats itself upon loading leading to pothole formation. Pothole formation is also a 

factor of inadequate drainage and poor road formation. A gravel surface that is well formed 

with a proper crown and sloped shoulders facilitates quick removal of water from the surface. 

When the water is retained for long periods on the road surface, the material softens and under 

traffic loading develops small pits. These small pits hold wter which further softens the 

compacted surface and the suspended fine particles are displaced by traffic. The coaser particles 

no longer held by a binder is also displaced during dry conditions, eventually developing into 

large potholes. 

5. Conclusions and Recommendations  

5.1.Conclusions 

The conclusions from the research were; a significant model was established indicating a direct 

negative correlation of 0.9 between the gravel plasticity and the amount of loose aggregates 

present. A positive correlation of 0.8 and 0.8 between percentage fines, moisture content and 

corrugations was established. A significant model was established indicating a positive 

correlation of 0.7 between MDD and rutting. A positive correlation of 0.8 and 0.7 between 

plasticity index, OMC and potholes was determined. Therefore, the study concluded that the 

findings were evidence that indeed quality gravel is important for sustainable and durable 

infrastructure. Incorporation of the findings in the design and implementation of gravel roads 

allows for mitigation of future distress features before occurrence. 

It was almost impossible to study independently the effect on material properties on road 

distresses and performance. Factors like traffic, road formation, rain, terrain, road formation & 

compaction, gravel layer thickness and drainage provision all play a role in the deterioration of 

roads. The above features also affect the material properties in one way or another. Good 

construction procedures are mandatory, moisture compaction alone improves the strength and 
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bearing capacity of the gravel greatly. This research however attempted to isolate the material 

geotechnical properties and their effect in road deterioration; since they are key parameters.  

5.2.Recommendations 

Ideally, gravel roads require maintenance as soon as distress features begin to appear. When   the 

distresses are not repaired, the road completely fails, leading to reconstruction, which is much 

more costly. Selecting the appropriate gravel material is essential for construction of durable 

infrastructure. Therefore, mandatory sampling and testing of the existing subgrade soil along the 

carriageway as well as materials from borrow pits to be selected, should be enforced in the design 

stage. The study confirmed the correlation of appearance of distress features on roads to material 

properties.  In the event that gravel does not meet the required standard, blending is recommended 

in some instances, while in other instances, the sample is rejected requiring an alternative. 

Workmanship affects road performance and during compaction, moisture should be closely 

monitored to ensure that OMC is attained for optimum compaction. 

5.3.Recommendations for further study 

1. A larger sample area and longer study duration could be utilized for further research. 

2. The correlation between CBR and distress features loose aggregates, corrugations, ruts and 

potholes should be further investigated. 

3. Include traffic, subgrade material and meteorological factors to the variables to establish 

correlation with road performance. 

4. Further investigation of effect of percentage fines, MDD and OMC on potholes. 

5. A multi linear regression could be done to come up with a road deterioration model with 

regards to material properties 

6. Other quantitative methods of assessing road condition could be utilised. 
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Abstract 

The increasing necessity of sustainable construction materials has led the research for new 

alternatives that diminish environmental damage and the depletion of natural resources. In this 

study, Rice Straw Fibres (RSF) and Expanded Polystyrene aggregates were investigated to 

produce an environmentally friendly lightweight concrete composite. Like other lightweight 

materials, EPS can cause a reduction in concrete weight but also tensile and flexure strength 

capabilities. In this research, RSF as renewable natural fibre reinforced within the composite 

to reduce those drawbacks and simultaneously improve mechanical properties of the 

composite. The aims of this research were studying the physical and mechanical properties 

associated with RSF and EPS, evaluating performance of new developed composite, 

identifying an optimum mixing ratio and examining its applicability for structural applications. 

Concrete mixes with a water-to-cement ratio of 0.6 were prepared, with fine aggregates 

replaced by 10% EPS beads by volume, and RSF added in varying amounts (0%, 0.5%, 1.0%, 

and 1.5%). The results revealed that the inclusion of RSF improved tensile and flexural 

strength, addressing the weaknesses caused by EPS in the composite. Specifically, the mix 

with 10% EPS and 1.0% RSF offered the best balance of mechanical properties, including 

crack resistance and weight reduction, while maintaining acceptable compressive strength. The 

composite demonstrated a marked reduction in density, making it suitable for lightweight 

construction. 

Keywords - Rice Straw Fibres (RSF), Expanded Polystyrene (EPS), lightweight concrete, 

recyclable material, mechanical properties, sustainability. 
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1. Introduction 

Composites combine independent material constituents to form a material with superior 

performance properties. They have been used in the construction sector for many years due to 

its improved performance. Two significant challenges still persist: the demand that plastic 

waste not to leave a trace in landfills, especially non-biodegradable single use plastics such as 

polystyrene; and the depletion of resources needed to build them. These factors underline the 

need for more eco-friendly alternatives. In this study, the investigation is proposed to partially 

replace conventional fine aggregates with recycled expanded polystyrene (EPS) in concrete 

and replacing rice straw fibres (RSF) as an additional binder. The aim is to create an 

environmentally friendly composite useful for both structural and non-structural fields. 

Even today, concrete is one of the most popular construction materials, producing over 11 

billion metric tons annually (Sheheryar & Nehdi, 2021). However, its drawbacks, such as low 

tensile strength and susceptibility to shrinkage, are well-known (Mukhdomi et al., 2021). 

Lightweight concrete (LWC) is widely adopted due to its reduced weight and improved 

thermal properties. Expanded polystyrene (EPS), a common material in LWC, has been shown 

to reduce concrete density and weight. 

2.  Literature Review  

Research shows that the size of EPS beads significantly impacts compressive strength, with 

smaller beads resulting in stronger concrete. However, EPS concrete can suffer from issues 

like segregation and moisture absorption, particularly with larger beads (Prasittisopin et al., 

2022). 

Rice straw, a byproduct of rice production, has emerged as a potential reinforcement material 

in concrete. When treated properly, rice straw fibres can enhance the tensile and flexural 

strength of concrete composites, making it a promising option for sustainable construction (Lv 

et al., 2022). 

Despite the advantages of using EPS in LWC, challenges remain. EPS concrete often requires 

more cement and has lower resistance to concentrated loads, sensitivity to water content, longer 

mixing times, and placement difficulties. Additionally, issues like shrinkage-induced 

microcracks and increased water absorption have been observed (Aljalawi, 2019). Fibres, 

particularly natural fibres like RSF, can help overcome these drawbacks by improving impact 

resistance, tensile and flexural strength, and minimizing dry shrinkage. Fibres also enhance 

crack resistance, a critical benefit in concrete applications (Ahmad et al., 2022). 
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This study evaluated the effectiveness of combining recycled EPS and rice straw fibres to 

improve the physical and mechanical properties of lightweight concrete. The assessments 

include compressive, tensile, and flexural strengths, workability, and permeability properties, 

comparing the new composite with conventional concrete to determine its suitability for 

lightweight structural applications. This research also addresses environmental concerns by 

finding a practical use for polystyrene waste and rice straw, thus reducing pollution while 

preserving natural resources in the construction industry. 

3. Methodology 

3.1.  Material Sources and Preparation 

The raw materials employed were recycled polystyrene, rice straw fibres, fine aggregates, 

coarse aggregates, Portland pozzolana cement, and water. 

3.1.1. Recycled Expanded Polystyrene (EPS) 

Recycled polystyrene was sourced from major dump sites around Nairobi, sorted, and 

thoroughly cleaned. The EPS, is as shown in Figure 3.1.  

 
Figure 3.1: Discarded Expanded Polystyrene (EPS) used for transporting good and EPS in beads form 

3.1.2. Rice straw fibres (RSF) 

Rice straw, shown in Figure 3.3, was sourced from the Mwea irrigation scheme. The straw was 

cleaned, cut into lengths of 150 to 300 mm, and treated with a 1% sodium hydroxide (Na2OH) 

solution for 24 hours to reduce brittleness. This method was based on the recommendations of 

Derman et al. (2022). After treatment, the straw was washed until the rinsing water was clear, 

mechanically blended for 5–6 seconds, and dried at 150°C. 
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Figure 3.3: Rice straw fibres 

3.2. Proportions of the various mixes 

A control mix (M1) was prepared using a ratio of 3 coarse aggregates to 1.5 fine aggregates to 

1 cement. In the remaining mixes, 10% EPS replaced fine aggregates. The proportions of RSF 

added were 0, 0.5, 1.0, and 1.5% by mix volume. The optimal proportion of RSF was 

determined based on the mixes summarized in Table 3.1 

Table 3.8 Proportions of the various mixes 

MIXES CEMENT FINE 

AGGREGATES 

COARSE 

AGGREGATES 

EXPANDED 

POLYSTYRENE 

(EPS) 

RICE 

STRAW 

FIBERS 

(RSF)  

M1 

(control) 

100% 100% 100% ----- ----- 

M2 100% 90% 100% 10% ----- 

M3 100% 89.5% 100% 10% 0.5% 

M4 100% 89.0% 100% 10% 1.0% 

M5 100% 88.5% 100% 10% 1.5% 
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3.3. Laboratory Tests 

Fine and Coarse Aggregates: Testing was conducted according to BS EN 12620 and BS EN 

933 to establish roundness, angularity, flakiness index, aggregate crushing, moisture content, 

and particle size distribution. 

Rice Straw Fibre (RSF): Properties such as density, diameter, average length, aspect ratio, and 

tensile strength were evaluated. The fresh concrete: underwent various tests like slump test, 

degree of compactability, and density tests, following the guidelines provided in the BS EN 

12350 series to evaluate its characteristics and performance. Hardened concrete was subjected 

to compressive, tensile, splitting strength, density, and water absorption tests according to BS 

EN 12390 series guidelines to assess its properties over 7,14 and 28 days. 

4. Results, Analysis and Discussion 

4.1. Results  

4.1.1 Physical Properties of Raw Materials 

The tests conducted on the raw materials were essential to evaluate their characteristics and 

ensure they meet the requirements for producing high-quality concrete. The physical properties 

of the raw materials, are summarized in Table 4.1 

Table 4.1 Physical Properties of Raw Materials  

 Fine 

Aggregate 

Coarse 

Aggregate 

EPS RSF 

Saturated Surface Dried (SSD) 

(g) 

456.1 506.6 6.6 30.7 

Pycnometer + Water + SSD (g) 1880.8 1918.8 1507.3 1609.6 

Pycnometer + Water (g) 1611.3 1611.3 1611.3 1611.3 

Oven Dried (g) 446.1 491.6 3.4 9.0 

Water Absorption (%) 2.24 3.06 94.12 241.11 

Specific Gravity 2.53 2.54 0.03 0.84 

Density (kg/m³) 1675 1500 19.7 118.14 

Rice Starw Fiber (RSF) results 

Density (D) 118.14 kg/m³ 

Diameter (D),  4 mm 

Average Length (L),  200 mm 

Aspect Ratio (L/D),  50 

Tensile Strength (T) 4.19 MPa 

Sieve analysis results demonstrated that all aggregates exhibit suitable particle size 

distributions for concrete production. The fine aggregates are well-graded for workability and 

the coarse aggregates provide strength and stability making them ideal for the intended 

concrete mix designs. 
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4.1.2 Results of Fresh Concrete Tests 

Slump value, compaction factor and density of the fresh concrete are presented in table 4.5 

Table 4.5: Results of Fresh Concrete Tests 

Mix Slump 

Value 

(mm) 

Remarks 

(Satisfactory/ Fail) 

Compaction 

Factor 

Density 

(kg/m³) 

Water 

Absorption 

(%) 

M1 

(control) 

70 Satisfactory 0.923 2300 2.83 

M2 55 Satisfactory 0.923 2260 3.2 

M3 47 Satisfactory 0.992 2240 3.58 

M4 40 Satisfactory 0.979 2270 3.9 

M5 35 Satisfactory 0.983 2220 5.11 

The incorporation of Expanded Polystyrene (EPS) and Rice Straw Fibers (RSF) reduces 

concrete density due to their lightweight and porous nature compared to traditional aggregates. 

EPS creates a more porous structure, and RSF increases air voids, further lowering mass per 

unit volume. Higher RSF content leads to greater voids and reduced density. Water absorption 

also increases with the addition of EPS and RSF, rising from 3.58% (0.5% RSF) to 5.11% 

(1.5% RSF), as RSF’s hydrophilic properties and porosity enhance the concrete's ability to 

absorb water. 

4.1.3 Mechanical Properties of Hardened Concrete  

Summary Table of Compressive, Tensile, and Flexural Strength at Different Days for the 

Conventional concrete, Concrete with EPS, and Concrete with EPS and RSF in varied 

proportions are presented in tables 4.6, 4.7 and 4.8 respectively. The graphs for compressive 

strength, tensile strength, flexural strength, and water absorption for the 28-day results of the 

different mixes are presented in Figures 4.6, 4.7, and 4.8 respectively. 
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Figure 4.6 Compressive Strength (MPa) of the mixes at 7,14 and 28 days 

 
Figure 4.7 Tensile strengths of the mixes at 7, 14 and 28 days 

 

Figure 4.8 Flexural strengths of the mixes at 7, 14 and 28days 

 



African Journal of Engineering Research and Innovation. Volume 2. No. 4, December 2024 

30           ISSN: 2957- 7780 

 

Table 4.6: Conventional concrete results  

Days Compressive Strength 

(MPa) 

Tensile 

Strength (MPa) 

Flexural 

Strength (MPa) 

Density 

(kg/m³) 

7 Days 20.3 1.78 2.03 2252 

14 Days 26.8 2.53 2.80 2271 

28 Days 29.8 2.63 3.49 2300 

Conventional concrete exhibited lower tensile and flexural strengths compared to its 

compressive strength. Even at 28 days, the tensile and flexural strengths reached only 2.63 

MPa and 3.49 MPa, respectively, which is still lower than what might be desired for certain 

structural applications. This indicates that while Conventional concrete offers high 

compressive strength, it may not be ideal where significant tensile or bending forces are 

expected. 

Table 4.7: Concrete with EPS added. 

Days Compressive Strength 

(MPa) 

Tensile 

Strength (MPa) 

Flexural 

Strength (MPa) 

Density 

(kg/m³) 

7 Days 19.2 1.77 1.54 2250 

14 Days 24.4 2.45 2.75 2267 

28 Days 28.5 2.55 3.55 2260 

The inclusion of EPS resulted in lightweight concrete with acceptable strength development 

over time. The compressive strength at 28 days reached 28.5 MPa, exceeding the target for 

Class 20/25 concrete. While the tensile and flexural strengths were slightly lower than that of 

Conventional concrete, the values were sufficient for applications where lightweight concrete 

is preferred. The mix maintained a steady strength development, proving that the use of EPS 

effectively reduces the weight of the concrete without significantly compromising its structural 

integrity. Figure 4.9a and figure 4.9b illustrate samples which have undergone tensile splitting 

test failure and flexural failure. 

a b 

  
Figure 4.9 Samples which have undergone tests failure 
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Table 4.8: Concrete with EPS and RSF added 

Days Mix Compressive 

Strength 

(MPa) 

Tensile 

Strength 

(MPa) 

Flexural 

Strength 

(MPa) 

Density 

(kg/m³) 

7 Days 

 

M3 19.2 2.20 1.58 2222 

M4 18.1 2.33 1.63 2163 

M5 15.8 1.82 1.71 2193 

14 Days 

 

M3 24.2 2.50 2.8 2252 

M4 22.5 2.55 2.85 2222 

M5 22.3 2.30 2.98 2222 

28 Days 

 

M3 27.8 2.60 3.59 2240 

M4 27.5 2.65 3.755 2270 

M5 27.7 2.50 3.83 2220 

The addition of both EPS and RSF improved the tensile and flexural strengths of the concrete. 

Mix M3 to M5 exhibited enhanced tensile and flexural performance compared to concrete 

without RSF. The compressive strengths for these mixes were also acceptable, with values of 

around 27.5 MPa at 28 days, exceeding the 25 MPa target for Class 20/25 concrete. This 

indicates that combining EPS with RSF enhances the flexibility and resistance to tensile forces 

while maintaining the required compressive strength for structural use. 

4.2. Discussion 

4.2.1 Properties of the Raw Materials 

The performance of concrete mixtures is greatly determined by physical and mechanical 

characteristics of constituents. Water absorption, for example, influences the water-cement 

ratio and as a result the strength of the mix. The RSF showed a tensile strength of 4.19 MPa, a 

low density of 118.14 kg/m³, and an aspect ratio of 50. These characteristics propose that RSF 

should be able to improve ductility and energy absorption of the lightweight concrete by virtue 

of its incorporation. Using high aspect ratio of RSF also enables effective load distribution 

throughout the matrix and enables good adhesion of the cement paste. 

EPS weighed only 19.7 kg/m in volume and a specific density of 0.03 hence, reducing the 

overall weight of the concrete mix. As a result, EPS materials are recommendable in places 

where weight reduction is a major consideration.  

Both RSF and EPS can contribute positively to the lightweight concrete matrix, but careful 

consideration of their properties is essential for achieving the desired mechanical performance. 

The high-water absorption rates of 241.11% for RSF and 94.12% for EPS may require 

adjustments in the water-cement ratio and the potential use of superplasticizers to enhance 

workability without compromising strength. Thereby enhancing the use of sustainable 

materials in construction.  
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4.2.2  Performance of the Newly Developed Composite 

The newly developed composites exhibited lower densities, resulting in lightweight concrete. 

This reduction in density can be attributed to the low density and minimal water absorption of 

EPS. As a result, the EPS-added concrete (M2) demonstrated a slight decrease in compressive 

strength, reaching 28.5 MPa at 28 days, compared to the compressive strength of conventional 

conventional concrete (M1), which exhibited 29.8 MPa at the same age. The reduction in 

strength of the EPS composite can be explained by the lower specific gravity of EPS, which 

reduces the concrete’s weight but slightly compromises its compressive strength. Nonetheless, 

the compressive strength of the EPS mixes remains well within the target for Class 20/25 

concrete, showing that EPS effectively lowers the weight while maintaining adequate 

structural integrity. 

Water absorption results show that the EPS-added concrete (M2) exhibited a higher absorption 

rate of 3.2% at 28 days compared to 2.83% for Conventional concrete (M1), due to EPS 

creating voids within the concrete matrix. As RSF is added, water absorption increases from 

3.58% at 0.5% RSF to 5.11% at 1.5% RSF, attributed to RSF’s hydrophilic and porous nature, 

which increases the concrete’s porosity and allows more moisture to penetrate. 

The inclusion of RSF further improved the tensile and flexural strengths of the composite. This 

enhancement is due to the fibrous nature of RSF, which bridges cracks and increases the 

concrete's resistance to tensile and bending stresses by distributing the load more evenly. While 

the tensile and flexural strengths of Conventional concrete (M1) were sufficient, they were 

surpassed by those of the composite containing both EPS and RSF. This improved balance 

between compressive, tensile, and flexural strengths highlights the complementary nature of 

EPS and RSF in producing effective lightweight concrete. 

4.2.3  Proportional Relationship of EPS and RSF and the Performance 

of Lightweight Concrete 

The proportion of EPS and RSF plays a key role in the mechanical performance of lightweight 

concrete. Increasing RSF content improved tensile and flexural strengths, while compressive 

strength slightly decreased but remained within acceptable limits. For example, mix M4 (1.0% 

RSF) ad a moderate water absorption of 3.9%, achieved a compressive strength of 27.5 MPa, 

a tensile strength of 2.65 MPa, and a flexural strength of 3.75 MPa at 28 days. However, in 

mix M5 (1.5% RSF), water absorption exceeded 5%, indicating potential segregation and 

reduced cohesion, suggesting that RSF content beyond 1.0% may not be ideal. 

The increase in tensile and flexural performance is due to RSF’s fibrous structure, which 

bridges cracks and distributes stress more effectively under bending and tension. In contrast, 
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the slight reduction in compressive strength, as seen in M5 (27.7 MPa), is attributed to the 

introduction of voids by organic fibers, which can affect the concrete's density and 

compactness. 

An optimal balance between EPS and RSF is necessary for obtaining the desired mechanical 

properties in lightweight concrete. The optimal mix in this study was determined to be 10% 

EPS and 1.0% RSF, which provided a good balance, maintaining sufficient compressive 

strength while enhancing tensile and flexural properties. 

4.2.4 Feasibility and Potential Benefits into Practical Applications  

The commercial use of both EPS and RSF in lightweight concrete is substantiated by the 

results, which demonstrate that the composite has met the target strength for a Class 20/25 

concrete. The composite has this advantage mainly because of the EPS embedded in it – less 

weight. Thus, it is useful in any scenario where weight is an important factor especially in high 

rise buildings, precast elements or in non-load bearing members. The use of RSF increases 

tensile and flexural strengths making the composite useful in scenarios where the end product 

will be exposed to tensile and bending forces such as pavements, slabs, beams. 

The mechanical performance improvements are due to the enhancing effects of the EPS and 

RSF. While EPS is effective in reducing the density of the concrete, RSF improves the matrix 

by preventing crack growth and redistributing stress under tension and bending load. Even 

though there was a little decrease in the compressive strength of the samples, the composites 

are still fit for practical use due to the properties of the composites. 

EPS, which is a plastic waste, and RSF which is a waste from the farming environment are 

both green materials. The combination of these materials not only decreases pollution but also 

a resource-efficient alternative to conventional concrete components, which uses more 

resources and is less environmentally friendly. This fits with the new perspective on eco-

friendly construction. 

5. Conclusions and Recommendations 

5.1. Conclusion  

1. Properties of RSF and EPS: RSF (tensile strength: 4.19 MPa, density: 118.14 kg/m³) 

enhances ductility and bonding, while EPS (density: 19.7 kg/m³) significantly reduces 

weight. However, high water absorption rates (RSF: 241.11%; EPS: 94.12%) may 

necessitate adjustments in the water-cement ratio and the use of superplasticizers. 
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2. Composite Performance: The EPS-RSF composite demonstrated improved tensile 

and flexural strengths, despite a slight decrease in compressive strength due to 

increased porosity. This combination enhances structural integrity and durability. 

3. Optimal Mix Ratio: An optimal mix of 10% EPS and 1.0% RSF balances weight 

reduction and mechanical performance. Higher RSF content increases water absorption 

and porosity, adversely affecting cohesion. 

4. Practical Applications: The EPS-RSF composite is feasible for non-load-bearing 

structures and prefabricated elements, providing thermal insulation and supporting 

sustainable construction practices. 

5.2. Recommendations 

5.2.1. Recommendations from this Study 

1. Utilize the EPS-RSF composite in lightweight, crack-resistant construction projects, 

such as high-rise buildings, with adjustments to the water-cement ratio to enhance 

workability. 

2. Incorporate RSF into EPS-modified concrete to improve tensile and flexural strengths 

for applications demanding durability, like pavements and non-load-bearing walls. 

3. Recommend a mix of 10% EPS and 1% RSF to achieve a favorable balance of density 

reduction and tensile strength. 

4. Promote the adoption of RSF and recycled EPS aggregates to achieve green 

construction practices. 

5.2.2. Recommendations for Further Study 

1. Water-Cement Ratio Variations. Consider the different water-cement ratios that would 

be more beneficial to EPS-RSF composites. 

2. EPS and RSF Proportions. Test a wider range of EPS and RSF proportions with regards 

to strength and durability. 

3. Long-Term Durability. Study the durability of the EPS-RSF composite over a 

prolonged time frame against varying conditions. 

4. Alternative Natural Fibres. Investigate the use of other natural fibers like coconut and 

sisal among others in improving the lightweight concrete structural qualitied. 

5. Evaluation of Fire Resistance. Evaluate the effect of fire on the EPS-RSF composite 

and suggest the need for fire inhibiting chemicals. 

6. Impact Assessments. Carry out the environmental and economic impact of EPS-RSF 

composite material compared to conventional materials in order to determine their 

sustainability and cost. 
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Abstract 

This study investigates the possible benefits islands and remote locations could have by using 

a ventilation system for municipal solid waste (MSW) collection at their disposal point. The 

changes in moisture and ash content due to ventilation were examined in two locations with 

relative humidity of 50% and 70%, respectively, to highlight the expected benefits for the 

aforementioned regions. This study also examined the changes in gross and net calorific values 

for mixed fluffy MSW when subjected to ventilation at the aforementioned relative humidities. 

On Day 1, the gross calorific values of the mixed MSW ranged from 3461 to 4326 kcal/kg, 

while the net calorific values ranged from 885 to 2320 kcal/kg. Experimental results showed 

that a 2-3 day ventilation process is sufficient to achieve the threshold moisture content in the 

MSW. The moisture content at day 1 was 36~62% and decreased when the ventilation time 

was increased. From day 3 to 5, the changes in moisture content after the ventilation process 

were marginal. Even though the changes in ash content were minimal, calorific value increased 

with a decrease in moisture content, such that the critical ventilation period is 2-3 days, after 

which the MSW exhibited normalized and predictable characteristics irrespective of the 

cumulative effect. Thus, this study highlights the possible benefits accrued by residents, local 

municipalities, and waste-to-energy plants using the MSW as fuel. 

Keywords: Municipal solid waste, calorific values, moisture, time series analysis, storage. 
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1. Introduction 

Municipal solid wastes (MSW) have been a recurrent problem from time immemorial in all 

countries and are expected to increase by 1.65 times per capita by the year 2050 relative to 

2023 [1]. Such an increase is a colossal burden to society, and the federal and/or municipal 

administrations play an active role in alleviating the problem. Although responsible 

stakeholders are grasping the nettle to implement sound waste management practices, Maalouf 

and Mavropoulos [2] observed that one-third of the waste is uncollected, and most of the waste 

collected is not handled based on established MSW management practices. Thus, the MSW 

problem will be a recurring issue for some time. 

Suffice it to say that high-income countries have strived to establish elaborate municipal solid 

waste management systems and policies for fast-track collection, sorting/separation, and final 

disposal [3]. These MSW management systems developed hitherto are focused on urbanized 

cities and towns with established logistic networks and collection networks understood by 

stakeholders. On the contrary, islands and isolated areas have geographical limitations [4,5]. 

These geographic limitations will affect the logistical network necessary for effective MSW 

collection and disposal. These islands could be tourist and cultural sites or isolated residential 

areas. 

Isolated areas could include regions with makeshift or temporary residential areas for a large 

workforce working on specialized projects (e.g., oil drilling and exploration, mining, etc.) for 

a specified period. Islands with important tourist and cultural sites will exhibit increasing, 

fluctuating, or cyclic MSW generation rates [5,6,7]; it will be challenging to establish a rigid 

and cost-effective MSW management policy, similar to a large metropolitan city. Also, these 

isolated islands could be remote and vulnerable to weather changes, hampering the collection 

and logistics part of MSW [8]. Isolated areas with temporary residential camps may/will not 

require an established MSW management and disposal system. 

Stakeholders have proposed and developed solutions for Island states to alleviate the ever-

increasing dangers of open-space garbage dumping and incineration [5-9]. The famous models 

implemented hitherto are based on waste-to-energy conversion technology since the MSW has 

considerable calorific values [10]. It is difficult to ascertain the level at which the MSW has 

been sorted before incineration. Furthermore, the island states have geographic limitations, 

limiting their capacity to recycle recyclable wastes, e.g., plastics [11]. Thus, if prior sorting of 

MSW is partially or not implemented at all, then the moisture content is expected to be very 

high (due to putrescible) and the composition of the incombustible waste (glass, metals, etc.) 
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to be high. This means that the unsorted MSW will be a source of the unwanted odor and a 

displeasing feature for the tourist sites in Islands [12,13]. 

On the other hand, if the unsorted MSW will be incinerated in a waste-to-energy facility, then 

the net calorific value of the aforementioned MSW will decrease relative to the already sorted 

RDF. Therefore, modified storage conditions (ventilation) could alleviate the ‘moisture’ 

problem in unsorted MSW before incineration by reducing moisture content by approximately 

50-70% for MSW with putrescible composition ranging from 50 to 70 wt% [14]. The 

ventilation solves the problem of unnecessary odours, and such systems could be mobile 

installations that can be installed anywhere. By implementing ventilation process, the gross 

calorific value is expected to increase by 15% relative to the original MSW collected and 

analyzed on an as-it-is basis. Thus, establishing mobile MSW storage containers with partial 

ventilation could be an optimal method of upgrading the unsorted MSW (if other options are 

not economically viable) before waste-to-energy conversion. 

Generally, MSW in islands and remote locations will be collected and accumulated in trash 

containers with time, and the MSW collection frequency could be daily or once a week [8]. 

High moisture load will either remain the same or is expected to increase due to the 

decomposition of putrescible. Both gross and net calorific value of fuels(i.e., MSW) are heavily 

dependent on combustible (i.e., carbon) and noncombustible (i.e., moisture, sulfur, ash content) 

components. Thus, if the moisture content is very high due to decomposition, the gross and net 

calorific values will eventually decrease. Hence, the need to maintain or upgrade the calorific 

value is of the essence. As mentioned before, previous research showed that modified storage 

conditions with ventilation is optimal for storing unsorted MSW before incineration in a waste-

to-energy facility and thus solving the unnecessary odor problem, especially in such islands 

where MSW collection frequency could be several times a week or even once a week [8]. In 

this manner, the stakeholders involved in MSW collection could effectively prioritize and 

optimize MSW collection with certainty of the expected MSW quality. 

However, it is essential to analyze how the calorific values and moisture content vary based on 

time series decomposition analysis. Previous experimental analyses were based on a six-day 

period and a fixed quantity of MSW [12,13]. Weekly MSW accumulation coupled with 

ventilation will enhance evaporation and partial drying of the MSW such that the putrescible 

decomposition will be minimal. Thus, this experimental research focused on the effect of 

ventilation on moisture content and the calorific values of unsorted MSW subjected to 

continuous MSW accumulation. The material used and respective experimental protocols will 

be described, and the results obtained will be discussed.  
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2. Materials and methods 

2.1. Materials 

Simulated materials (unsorted MSW) were used in this experiment and consisted of 

putrescible, paper, shredded plastic, woodchips, and soil; the admixture was based on the ratios 

provided in [12,13] and shown in Table 1. The putrescibles were composed of vegetable 

wastes. Conventional PVC plastic bags were used, which were shredded together with printed 

waste papers in a document shredder to match the approximate particle size.  

Table 1. Composition of the products used in unsorted MSW preparation 

Particulars 

Composition, wt. % 

Set 1 Set 2 Set 3 

Putrescible 50 60 70 

Paper 20 15 10 

Plastic 20 15 10 

Wood (sawdust)  5 5 5 

Soil 5 5 5 

※ Adapted from Nzioka et al. [14, 15] 

Products were obtained and used on “as received” basis. In previous experiments, particle size 

of <20mm was applied; the particle size was determined using the formulations recommended 

by [16]. The putrescible was chopped to the approximate size. Sawdust was obtained from the 

local sawmill.  

2.2. Experimental setup 

After preparation, the components were mixed thoroughly, and the average particle size was 

confirmed. The sample was mixed using a small animal feed mixing equipment capable of 

mixing materials with high moisture content. Firstly, soil and sawdust were mixed together 

with the putrescible waste according to the proportions articulated in Table 1. Later on, the 

shredded papers and plastic composition were gradually added to the putrescible-soil-sawdust 

mixture in the mixing equipment to ensure maximum mixing. 

The experiment was conducted in an open space with natural ventilation to emulate current 

MSW trash bin installations. The reactors were placed on a raised level (1,000 mm from ground 

level) and placed in areas with calm to light air breeze (windspeed up to 19 km/h). The reactor 
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used was a cubic reactor (500mm length, 500mm width, 700mm height), and the reactor walls 

were fabricated from polyurethane-coated sheets (Figure 1). 

 

Figure 1. Experimental reactor 

The reactor floor was raised by 100mm (Figure 1) to ensure free air flow under the sample. 

Each reactor ceiling was fitted with two axial ventilation fans (GDSTIME EC brushless fan, 

120 mm X 120 mm X 25mm) to create ventilation in the reactor: each ventilator capacity was 

approximately 2.5 m3/min. The ventilators were fixed on the roof of each reactor. The 

ventilation cycle for the aeration tank was 15 minutes run/30 minutes stop. Each ventilator’s 

Cross-sectional areas of the entry and exit chutes were equal (i.e. 36 ± 2cm2). Thus a total of 

3 reactors were constructed and used in the two different weather conditions described in the 

following section. 

2.3.Analytical methods 

The residual moisture was analysed using the halogen lamp moisture analyzer (XY-101ME). 

Ash content was analyzed using a muffle furnace at a temperature of 800°C: 3 samples were 

used to derive the mean ash content. The gross calorific value was determined using an 

isoperibol oxygen bomb calorimeter (Parr Instruments model 6200): mean gross calorific value 

was determined from 5 samples. The net calorific values were determined using the formulas 

used in the previous experiment [14] provided in Table 2. Also, the atmospheric temperature, 

relative humidity, and dew point were analyzed using a portable thermo-hygrometer placed 

next to the reactors. 

The MSW mass was cumulative in this experiment since 1.5 kg of unsorted mixed MSW was 

prepared and added daily. On day 1, MSW was sampled before commencing experimental 

analysis (sample hereinafter termed “Bfr”). After 24 hours, the mixed MSW was poured from 
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the reactor onto a flat surface covered with plastic sheet to avoid material loss. The material 

was mixed and lumped for sampling. 100 g was sampled using the quartering sampling method 

(sampled termed hereinafter “Aft”). After sampling, the existing MSW was mixed with freshly 

mixed MSW and lumped together for sampling. Later on, 100 g was sampled using the 

quartering sampling method, after which the sample was poured back into the reactor. The 

mixed MSW was spread across the reactor bed layer to form a uniform layer. 

Table 2. Formulas for calculating net calorific values 

Particular Formula 

ASTM E955-88 𝑄𝑛 = 𝑄𝑔 ×
[100 − (𝑋 + 𝐴)]

100
 

Ilinykh  𝑄𝑛 = 4600 − 4𝐴 − 51.85𝑋 

 ※ Ash content (A) and moisture content (X) are expressed in percentage values 

 ASTM formula was adapted from [17], Ilinykh’s formula was adapted from [18] 

Table 3. Weather conditions for the experimental work 

Particulars 
Classification 

70% 50% 

Mean daytime temperature (°C) 21 ± 2 25 ± 4 

Mean nighttime temperature (°C) 15 ± 2 19 ± 1 

Relative humidity (%) 72 ± 7 55 ± 2 

Atmospheric pressure (mm. Hg) 764 764 

The ventilation experiment was conducted for 24 hours and repeated for 5 days. Firstly, 3 sub 

samples weighing 5 g from the original 100 g sample mass; the residual moisture content was 

analyzed from these sub-samples. The remaining 85 ± 1 g sample was dried using the 

convective dryer (Model DHG-9025) for 24 hours at 55 ± 1°C. A portion of the sample was 

used to analyze the gross calorific values and the moisture content. The experiment was 

conducted for five days. Experiments were performed based on two weather conditions 

described in Table 3. 

One-way ANOVA test was conducted using Originlab 2019b. The independent variable in this 

case was the moisture content, while the dependent variables were both the gross and net 

calorific values for the three sets of MSW (set 1–3) determined using the formulas shown in 

Table 2. The objective was to analyse the variance level within and between the three set of 

samples analysed. 
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2.4. Limitations of this study 

The mean particle size used in this experiment was small. In reality, mixed MSW disposed 

have large irregular particle sizes. Also, in this study, it was assumed that the ventilation 

airflow was even throughout the experiment. This study did not consider any possible variation 

in the inflow and outflow across the cross-sectional area of the reactor. Also, it was assumed 

that the weather conditions were predictable and that the weather conditions were based on the 

measurements recorded in the morning and late evening every day. Also, the materials used in 

the experiments were model MSW, which may differ from one region  

3. Results 

3.1. Moisture and ash content analysis 

Table 4 describes moisture changes due to ventilation at different weather conditions. MSW 

set 3 had the highest moisture content (60-62%) on day 1 before analysis: the moisture 

decreased after consecutive ventilation and the addition of freshly mixed MSW (Table 4). on 

the contrary, MSW set 1 had the lowest moisture content (36-39%), and similar decrease was 

observed after consecutive ventilation and the addition of freshly mixed MSW. After 24 hour 

ventilation experiment, moisture content decreased by median value ranging from 45~53% and 

50~52% for MSW ventilated at 50% and 70%, respectively. 

The first two days of ventilation exhibited a steep decrease in moisture content. The moisture 

content (Aft) decrease from day three was minimal and showed signs of stability. This could 

be attributed to the fact that the dominant MSW mass’ moisture content is at the minimum 

level. MSW set 1 decreased from 39.45% (Day 1 Bfr) to 21.44% (Day 1 Aft). Even though the 

moisture content increased to 32.11%, consequent ventilation reduced the moisture content to 

19.84% and similar trend was observed in all case studies. Therefore, the cumulative effect has 

little influence on the MSW’s moisture content after day 3 of ventilation. Also the relative 

humidity had a negligible impact on the MSW’s moisture content. 

As for the ash content (Table 5), negligible changes in the ash content of the MSW (i.e samples 

BFr and Aft) were observed. These negligible changes were similar for the different climatic 

conditions used in this experiment. The ash content was not affected by the ventilation 

experiment. The putrescible composition and structure did not change to affect the ash content 

of the MSW. 
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Table 4. 5-day moisture content analysis 

Humidity 

level 

Type 

of 

MSW 

Day 1 Day 2 Day 3 Day 4 Day 5 

Bfr Aft Bfr Aft Bfr Aft Bfr Aft Bfr Aft 

70% 

Set 1 39.45 21.44 32.11 19.84 31.09 18.24 27.23 17.23 25.29 16.54 

Set 2 51.42 24.78 46.88 21.33 38.26 19.37 37.23 18.76 36.51 18.21 

Set 3 62.34 28.52 51.27 24.69 43.99 21.22 41.8 20.97 41.36 20.86 

50% 

Set 1 36.52 18.41 31.45 17.65 26.46 15.65 21.84 14.61 21.09 14 

Set 2 49.66 21.82 41.23 18.23 34.87 16.99 29.21 15.84 29.06 15.69 

Set 3 60.86 28.68 48.45 23.1 39.41 19.81 34.21 18.23 31.22 17.14 

※ Bfr – before experiment; Aft – after 24 hours experiment 

※ Moisture was measured as a percentage of the original material 

Table 5. 5-day ash content analysis 

Humidity 

level 

Type 

of 

MSW 

Day 1 Day 2 Day 3 Day 4 Day 5 

Bfr Aft Bfr Aft Bfr Aft Bfr Aft Bfr Aft 

70% 

Set 1 8.45 8.95 9.21 8.77 8.96 9.06 8.94 9.24 9.06 9.45 

Set 2 9.87 9.97 9.46 10.21 10.08 9.91 9.65 10.17 9.26 9.91 

Set 3 12.1 11.68 12.18 12.31 11.84 12.02 11.97 12.14 11.84 12.14 

50% 

Set 1 9.86 10.21 10.84 10.66 10.89 10.61 10.98 11.21 10.45 10.77 

Set 2 10.25 11.12 11.26 11.01 11.26 11.45 11.65 11.87 11.14 11.69 

Set 3 12.93 12.24 12.16 13.14 12.99 12.45 13.26 12.44 13.51 12.96 

※ Bfr – before experiment; Aft – after 24 hours experiment 

3.2. Calorific values analysis 

Table 6 shows changes in gross calorific values during the 5-day experimental period. The 

initial gross calorific values were 4172 and 4326 kcal/kg for MSW set 1 before experimental 

analysis at relative humidity of 70% and 50%, respectively. After 24 hours of ventilation, the 
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gross calorific values increased to 4391 and 4530 and 4326 kcal/kg for MSW set 1 

experimented at relative humidity of 70% and 50%, respectively. 

After Day 2 of ventilation, the gross calorific values of the samples normalized at the 4400 and 

4600 kcal/kg diapason for MSW set 1 experimented at a relative humidity of 70% and 50%, 

respectively (Table 6). Similar trend was observed for MSW set 2 and 3 at a relative humidity 

of 70% and 50%, respectively. Ventilation enhances moisture mass transfer together with 

possible organic chemicals that foster degradation. The fluffy nature of the MSW enhances the 

mass transfer in-between the layers of the MSW. Thus, day 2-3 are the critical point at which 

the MSW will maintain stable calorific values. 

Table 6. 5-day Gross calorific value (kcal/kg) 

Humid

ity 

Type 

of 

MSW 

Day 1 Day 2 Day 3 Day 4 Day 5 

level Bfr Aft Bfr Aft Bfr Aft Bfr Aft Bfr Aft 

70% 

Set 1 4172 4391 4210 4422 4199 4445 4217 4445 4192 4426 

Set 2 3984 4156 4012 4186 3992 4197 4018 4196 4003 4188 

Set 3 3461 3617 3486 3652 3491 3655 3496 3659 3491 3662 

50% 

Set 1 4326 4530 4369 4610 4315 4631 4354 4625 4362 4631 

Set 2 3728 3921 3735 3962 3733 3965 3754 3961 3719 3952 

Set 3 3537 3710 3615 3785 3650 3821 3647 3819 3648 3799 

※ Bfr – before experiment; Aft – after 24 hours experiment 

Net calorific values are dependent on the moisture and ash content. Further, the difference 

between the net calorific results using the two formulas presented in Table 2 was in the range 

of 331~500 kcal/kg for MSW set 1 and increased to 352~870 kcal/kg for MSW set 2 and 

435~1017 kcal/kg for MSW set 3. Such variation could be attributed to the difference in the 

empirical formulation developed and proposed by ASTM standard and Ilinykh, respectively. 

After day 1 of ventilation, there was a steep change in the net calorific values, mainly due to 

the moisture content in the MSW. Cumulative effect of the MSW in the reactor did not 

influence the net calorific value after ventilation; the critical mass of MSW was reached at day 

2-3. 
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Table 7. 5-day Net calorific value derived using ASTM formula (kcal/kg) 

Humid

ity 

Type 

of 

MSW 

Day 1 Day 2 Day 3 Day 4 Day 5 

level Bfr Aft Bfr Aft Bfr Aft Bfr Aft Bfr Aft 

70% 

Set 1 2174 3057 2470 3157 2517 3232 2692 3268 2752 3276 

Set 2 1542 2712 1752 2866 2062 2968 2134 2982 2171 3010 

Set 3 885 2163 1274 2301 1542 2440 1616 2448 1634 2454 

50% 

Set 1 2320 3234 2521 3305 2703 3415 2925 3431 2986 3484 

Set 2 1495 2629 1774 2804 2011 2837 2220 2863 2224 2870 

Set 3 927 2192 1424 2413 1737 2588 1916 2648 2016 2656 

※ ASTM Formula is derived in Table 2 

※ Bfr – before experiment; Aft – after 24 hours experiment 

Table 8. 5-day Net calorific value derived using Ilinykh’s formula (kcal/kg) 

Humid

ity 

Type 

of 

MSW 

Day 1 Day 2 Day 3 Day 4 Day 5 

level Bfr Aft Bfr Aft Bfr Aft Bfr Aft Bfr Aft 

70% 

Set 1 2521 3453 2898 3536 2952 3618 3152 3670 3252 3705 

Set 2 1894 3275 2131 3453 2576 3556 2631 3587 2670 3616 

Set 3 1319 3075 1893 3271 2272 3452 2385 3464 2408 3470 

50% 

Set 1 2667 3605 2926 3642 3184 3746 3424 3798 3465 3831 

Set 2 1984 3424 2417 3611 2747 3673 3039 3731 3049 3740 

Set 3 1393 3064 2039 3350 2505 3523 2773 3605 2927 3659 

※ Ilinykh’s formula is derived in Table 2 

※ Bfr – before experiment; Aft – after 24 hours experiment 

 

4. Discussion 

The fluffy material is porous enough to ensure almost free flow of air throughout the reactor. 

Thus, the ventilation process, which is in part a convective drying process, will partially reduce 

the moisture content on the surface of the fluffy MSW. The partial reduction of the moisture 

content was attributed to the convective heat and mass transfer phenomena between air and the 

fluffy MSW [19, 20]. As a result, the difference in the moisture equilibrium in and on the 

surface of the fluffy material will result in increased moisture diffusivity from the material to 

the surface. Nzioka et al. [14, 15] observed that the moisture content could include other 

organic acids and chemicals present in the putrescibles. Thus, reducing the moisture and the 
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other degradable organic chemicals enriches the calorific capacity of the fluffy MSW. Another 

reason associated with the increased drying capacity is the presence of paper in the fluffy 

MSW. The paper increases the porosity and surface area of the fluffy MSW and has very high 

moisture sorption characteristics. Therefore, the moisture transfer from the putrescibles to the 

paper will take place since the paper and the putrescibles are mixed together. Thus, the overall 

area in contact with the ventilation airflow will increase by at least a factor of two, and the 

expected drying rate will increase. The calorific value was increased after 24 hours of drying 

the fluffy MSW. When fresh fluffy MSW was added and mixed with the semi-dried fluffy 

MSW in day two of the experiment, the overall moisture content in the reactor was reduced 

while the air-MSW contact area increased due to the increase of the ‘paper factor’ in the 

ventilation process. Therefore, the drying effect after day two of the experiment was more 

evident than on day one. Further addition of fresh fluffy MSW increased the contact area and 

the overall drying process. It was observed on day 3, ANOVA analysis showed non-significant 

variance for all sets of MSW analyzed in this experiment with respect to the gross calorific 

values. As for the net calorific values, the non-significant variation difference is more prevalent 

between MSW sets 1–3 and sets 2–3. 

If the MSW is not dried, the degradation process commences and is expected to intensify with 

the storage period [15, 21]. Continuous addition/accumulation of the MSW would have 

exacerbated the degradation process of the putrescibles in the mixed MSW, leading to 

significant decrease in calorific values and increased odor. It is possible that the degradation 

process will increase the moisture content beyond the threshold limit after which, it will be 

uneconomical to use it as a source of fuel. 

5. Possible direct and indirect implications for using ventilation to stakeholders 

Results show that ventilation could be one of the optimal solutions to the ever-growing MSW 

problem in islands and remote areas. MSW storage containers with ventilation will alleviate 

the degradation precursors and the consequential excess odour due to putrescible degradation 

through aeration. This could be an additional solution to the problem of such tourist islands 

and remote areas facing challenges with MSW and being unable to address the mixed MSW 

problem. Results showed that vast moisture content together with other degrading precursors 

are easily removed via drying.  

Results indicate that day 2-3 are the critical phase, after which the overall normalization of 

MSW characteristics were observed. Normalization of MSW characteristics means that the 

waste-to-energy facility will have a predictable combustible MSW after collection. Results 

showed in section 3 showed that the calorific values normalized after day 3 of ventilation. This 
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means that the MSW could be collected and utilized as fuel after day 3 of ventilation and thus, 

the waste-to-energy facility will alleviate the challenges of unpredictable calorific values [22]. 

The waste-to-energy facility could also focus on optimizing the waste-to-energy facilities and 

adjudicating the appropriate location since they will have predictable fuel resources [23]. 

Local municipalities could also benefit from this solution, i.e., ventilation of MSW storage. 

The minor odour problem during ventilation could be neutralized if additional MSW design 

measures are considered. The municipality administrations will have secured the sanitary 

condition of the city and will not be worried about whether the residents and tourists will be 

disciplined enough to segregate waste at the point of collection. If, for example, the municipal 

regions face challenging logistical issues due to unforeseen events, then the overall sanitary 

conditions of the MSW could be neutralized through extended storage period: the experimental 

results showed that after 3-day storage period, the MSW combustion characteristics are 

normalized. A typical example is Rome (although not an island, but a popular tourist 

destination), whereby logistical disruptions caused by multiple reasons created worse sanitary 

conditions [24]. Also, the experimental results showed that ventilation of MSW is not affected 

by relative humidity and temperature fluctuations. Thus, the local municipalities may not need 

additional facilities to counter changes in weather conditions. 

Conclusion 

This study investigated the possible benefits islands and remote locations could have by using 

a ventilation system for MSW collection at their point of collection. To highlight the expected 

benefits for the aforementioned regions, the changes in moisture and ash content due to 

ventilation in two locations with relative humidity of 50% and 70%, respectively was 

examined. The following conclusions were made: 

 2-3 day ventilation process is sufficient to achieve the threshold moisture content in 

the MSW; 

 Moisture content after day 3 ventilation process was in the range of 15.65~20.22%; 

 From day 3 to 5, the changes in moisture content after the ventilation process were 

marginal; 

 Changes in ash content were negligible since the overall inorganic component was 

similar across the samples used; 

 The difference in relative humidity had minimal effect on the moisture and ash 

content; 

 The gross and net calorific values normalized after day 3 and exhibited predictable 

characteristics irrespective of the cumulative effect; 
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 The net calorific values gradually increased between day 1 and 2 and normalized 

after day 3 of ventilation; 

 Odour generated was less significant and could be easily alleviated if additional 

modification are considered on the trash containers. 

Thus, the possible benefits accrued by residents, local municipalities, and waste-to-energy 

plants using the MSW as fuel were described. Results presented herewith have techno-

economic and socio-economic value, hence the need for future investigation. Thus future 

investigations will consider fluctuation in the freshly added MSW, fluctuation in the MSW 

composition, and possible design modification of the existing MSW collection system. 
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Abstract 

This paper evaluates the technical viability of reusing decommissioned stainless steel 

components from KenGen’s Olkaria 1 geothermal power plant as feedstock for manufacturing 

turbine blades for modular wellhead power plants. A comprehensive Failure Mode and Effects 

Analysis (FMEA) was per- formed on failed wellhead turbine blades to identify critical failure 

mechanisms and inform design modifications. Preliminary results indicated the potential for 

localized turbine blade production, offering substantial reductions in lead times and costs 

compared to traditional import-dependent supply chains. This study positions Kenya as a 

potential front runner in the domestic manufacturing of turbine components for geothermal 

power generation within the African continent. 

Keywords: Geothermal power plant, Stainless Steel, Computer Aided Engineering (CAE), 

turbine blade, Failure Mode and Effects Analysis (FMEA). 

1. Introduction 

Africa’s burgeoning geothermal energy sector presents a significant opportunity to harness 

domestic resources for sustainable power generation. 

 

KenGen’s Olkaria 1 Units 1,2 and 3 geothermal power plant, a pioneering facility in African 

geothermal energy, is undergoing major rehabilitation, while Olkaria 1 Addi- tional Units 4 

 

geothermal power plant presents a unique opportunity to 

convert waste into wealth by repurposing decommissioned stainless steel turbine equipment 

into high-value  
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and 5 are slated for capacity upgrades. Both projects will generate significant quantities of 

decommissioned stainless steel equipment, including turbine components. 

 

Figure 1. A decommissioned 15 MW Geothermal Steam Turbine Blades at Olkaria 1 

Photographed by author, 2024: Courtesy of KenGen PLC) 

 

Previous research work has explored material repurposing and local manufacturing in various 

industries, but its application to decommissioned geothermal power plant components remains 

largely untapped. This study aims to determine if stainless steel from decommissioned Olkaria 

1 can be repurposed to create durable turbine blades for wellhead power plants, potentially 

reducing import reliance and positioning Kenya as a leader in geothermal turbine component 

manufacturing. Key objectives include demonstrating the feasibility of local turbine 

component production using indigenous designs, conducting a Failure Mode and Effects 

Analysis (FMEA) on existing turbine blades to inform design improvements, and assessing the 

economic and strategic benefits of this approach. 

2. Methodology 

This study employed a comprehensive approach to analyze turbine blade failures and develop 

retrofit solutions. Data encompassing operating conditions, material composition, and 

component geometry were collected from both failed and operational turbines. Metallurgical 

analyses, including fracture surface evaluation, Nondestructive Evaluation (NDE), 

microstructure examination, and spectroscopy, were conducted to characterize material 

properties and failure mechanisms. Computer Aided Engineering (CAE)  simulations by 

Autodesk Inventor, Fusion, ZEISS Blade Inspection, and ANSYS Workbench were employed 

to assess structural integrity, vibration characteristics, and operational stresses. Concurrently, 

 

Africa’s geothermal energy potential is vast, but its manufacturing capacity for critical components 

lags behind. This project study aims to bridge this gap by ex- ploring the feasibility of manufacturing 

turbine blades from decommissioned equipment at KenGen’s Olkaria 1 power plant. 
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an in-depth analysis of operational and steam chemistry data was performed. Additionally, 

blade profile transformation methods involving melting, casting, barring, and machining were 

analyzed and modelled using Flow-3D software to inform retrofit. 

The integrated findings served as a foundation for pro- posing retrofit methodologies 

encompassing blade design optimization, material selection, manufacturing processes, and 

performance evaluation, all underpinned by cost- benefit analysis and cost-value engineering. 

3. Results 

Operational parameters of the wellhead turbine were determined as follows: Inlet steam 

pressure of 13 bar, steam flow rate of 21 tonnes per hour, exhaust steam pressure of 

0.1 bar, power output of 2750 kW, and rotational speed of 6804 RPM. 

Chemical composition analysis revealed that all tur- bine blades adhered to the specified 

chromium content range of 11.5-13.5%. The Wellhead Turbine exhibited the highest average 

chromium content, while Manganese con- tent was most prevalent in the same turbine. Iron 

content was predominant in Olkaria 1 Units 1, 2, and 3. The bla- des from Olkaria 1 Units 4 

and 5 demonstrated superior toughness due to higher nickel content and the presence of 

alloying elements such as vanadium, copper, niobium, and molybdenum. A dearth of data 

points precluded a comprehensive analysis of steam chemistry. Dimensional inspection and 

3D scanning identified defects including blade bending, pitting, and fragmentation, as well as 

com- promised protective coatings. CAE simulations highlighted pronounced stress, vibration, 

and displacement in the tur- bine’s final stages. Blade profile optimization simulations 

indicated the potential for vortex reduction and enhanced pressure recovery through angle 

alterations. However, the necessity for supplementary stress mitigation strategies was evident, 

with system damping proposed as a potential solution. 

 

Figure 2. Chemical Composition Results - Wellhead Units, Olkaria 1 Units1, 2, 3, Olkaria 1AU 4& 5 

- Spectroscopy 
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Figure 3. D scanning blade aerofoil inspection - Impala 3D Kenya 

Software: ZEISS Blade Inspection - Quality Suite 

Figure 4. 1st stage blade aerofoil vortex and cavitation points (Indicated by Red) CFD 

Software: ANSYS Workbench - Fluent 

Figure 5. Blade stress analysis - 1st stage 

Software: Autodesk Fusion 
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Figure 6. Displacement due to high vibration - 8th stage 

 
Figure 7. Turbine Rotor Stress Analysis 

Software: Autodesk Fusion & Autodesk Inventor 

 
 

Figure 8. Strain Analysis 
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Figure 9. Casting Simulation 

Software: Flowcast 3D 

 

Figure 10. G - Code program Generated snippet - 1st stage Blade 

Software: Autodesk HSM 

 
Figure 11. Milling Tool path - 1st stage Blades 

Software: Autodesk HSM 
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Figure 12. Machined 1st stage Blade Prototype 

Manufacturing: DMG MORI 5 Axis CNC Milling Machine - Numerical Machining Complex NMC 

Ltd. - Kenya 

3. Discussions  

The operational parameters of the wellhead turbine align with typical values for such systems. 

However, the observed blade degradation, characterized by bending, pitting, and 

fragmentation, indicates severe operating conditions or material inadequacies. The identified 

defects, coupled with the CAE simulations revealing high stress and vibration levels, suggest 

a complex interplay of factors contributing to premature blade failure. 

The chemical composition analysis provides insights into potential material limitations. While 

all blades met the chromium specification for corrosion resistance, variations in other alloying 

elements suggest differences in mechanical properties. The superior composition of blades 

from Olkaria 1 Units 4 and 5, evidenced by higher nickel content and additional alloying 

elements, highlights the potential for improved performance through material optimization. 

The absence of steam chemistry data precludes a comprehensive assessment of its influence 

on blade degradation. However, given the corrosive nature of geothermal environments, it is 

plausible that steam impurities contributed to accelerated material deterioration. 

The CAE simulations identified critical areas of stress and vibration within the turbine, 

providing a foundation for targeted design modifications. Blade profile optimization offers 

potential for performance enhancement but requires further investigation to balance 

aerodynamic gains with structural integrity. The proposed implementation of system damping 

is a promising approach to mitigate vibration-induced stresses and extend blade life. 
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The cost-benefit analysis demonstrated substantial financial advantages of recycling 

decommissioned stainless steel blades for retrofitting wellhead turbines compared to 

purchasing new blades or disposing of the blades at scrap value 

The study assessed 5100 blades, totaling 21 tonnes, with an initial net value of Ksh 10.5 Billion. 

Although their current book value is Ksh 330 Million due to depreciation, recycling provides 

significant cost savings compared to buying new blades.  

Auctioning the scrap blades would only yield Ksh 15.2 Million. Recycling these blades incurs 

costs such as sandblasting (Ksh 3 Million), QA/QC (Ksh 0.1 Million), and machining (Ksh 

360 Million), totaling Ksh 370 Million. This recycling cost is substantially lower than the 

estimated Ksh 630 Million required for new blades, resulting in a cost saving of around Ksh 

260 Million. 

In comparison, disposing of the blades at their scrap value of Ksh 15.2 Million results in a 

financial loss when compared to recycling. The recycling process, with its total cost of Ksh 

370 Million, still represents a more economical choice than both purchasing new blades and 

simply disposing of the blades. This analysis highlights that recycling not only saves costs but 

also optimizes the value derived from the existing materials. 

Overall, the findings underscore the need for a holistic approach to address turbine blade 

failures, encompassing material optimization, improved design, and operational refinements. 

Further research is warranted to elucidate the specific mechanisms of blade degradation and to 

validate the proposed solutions through rigorous testing and field trials.  

4. Conclusion 

The study revealed that the wellhead turbine’s operational parameters are within typical ranges 

for such systems. However, observed blade degradation—characterized by bending, pitting, 

and fragmentation—indicates severe operating conditions or material deficiencies. CAE 

simulations further exposed high stress and vibration levels, suggesting a complex interplay of 

factors contributing to premature blade failure. 

Chemical composition analysis identified variations in alloying elements, with blades from 

Olkaria 1 Units 4 and 5 showing superior properties due to higher nickel content and additional 

alloying elements. These variations underscore the potential for material optimization to 

improve performance. The lack of steam chemistry data limits a full assessment of its impact 

on blade degradation, yet the corrosive geothermal environment likely exacerbates material 

wear. 
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The CAE simulations highlighted critical stress and vibration areas, guiding targeted design 

modifications. Blade profile optimization, while promising, requires further investigation to 

balance aerodynamic and structural needs. The proposed system damping offers a viable 

solution to mitigate vibration-induced stresses and extend blade life. 

Financially, recycling decommissioned blades proves significantly advantageous compared to 

purchasing new blades or disposing of them at scrap value. Recycling costs (Ksh 370 Million) 

are notably lower than the cost of new blades (Ksh 630 Million) and the potential revenue from 

scrap (Ksh 15.2 Million). This demonstrates that recycling not only provides substantial cost 

savings but also maximizes the value of existing materials, making it the most economical and 

beneficial choice for retrofitting wellhead turbines. 

5. Recommendations 

1) Given the compelling economic advantages demonstrated, recycling decommissioned 

turbine blades should be prioritized as a cost-effective and sustainable solution. To 

further enhance operational capabilities and unlock new revenue streams, investing in 

advanced manufacturing technologies is essential. Specifically, acquiring a 5-axis lathe 

machine would significantly improve machining precision and efficiency, supporting 

high-quality retrofit operations. Additionally, continuous research, development, and 

performance monitoring must be integral to these efforts, ensuring ongoing 

improvements and optimal turbine performance. 

2) The FMEA results indicate that adjusting the blade angle of attack by -2 degrees can 

reduce or eliminate vortices and stress breakage, while also increasing pressure 

harvesting. This adjustment should be integrated into the retrofit process to enhance the 

overall efficiency and longevity of the turbine blades. Gradual, stage-by-stage 

manufacturing, proceeding through the eight stages in phases, shall build up the whole 

turbine rotor incrementally. This approach allows for systematic assessment and 

refinement at each stage. 

3) Pioneering engineering manufacturing in Africa through recycling and reverse 

engineering offers a unique opportunity to develop indigenous design technology. The 

accuracy of reverse engineering, however, is limited by the applied measurement and 

computer-aided modelling techniques, such as wear of the part, numerical, sensing, and 

approximation errors, and manufacturing methods. Turbine blades present challenges 

due to their complex free-form surfaces. Accurate measurement tools, such as 

Coordinate Measuring Machines (CMM), are recommended to ensure precision. 
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4) By leveraging these practices, the power sector can enhance its technological 

capabilities, establish a competitive edge, and reduce reliance on imported 

technologies. This approach not only drives innovation but also fosters local expertise, 

creating a foundation for sustainable, home-grown engineering solutions. Embracing 

these strategies will lead to significant cost savings and operational improvements, 

positioning Africa as a leader in advanced manufacturing within the power sector. 
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Abstract 

The research studies the obstacles to electrification introduced by the challenges of informal 

settlements. Focusing on mini-grids as an electrification option, the study provides integrated 

guidelines on the Comprehensive Energy Solution Planning (CESP) framework to assess and 

consider the context-specific challenges impact on energy planning. Applied to Kingstone 

village in Mukuru informal settlement in Nairobi, Kenya, the analysis of the context-specific 

challenges revealed that these challenges may introduce significant constraints and 

implications for effective energy production and planning in informal settlements. Energy 

modelling was the tool to determine the optimized energy mix and dispatch. For the base 

scenario, which consisted of Solar PV, Batteries, and Diesel generators, the Levelized Cost of 

Electricity (LCOE) of the system was 0.2083 USD/kWh, and despite it being higher than the 

main grid LCOE, it was significantly lower than the current electricity costs for Mukuru 

residents, which is 0.4614 USD/kWh. The energy modelling results indicate that electricity 

produced by the mini-grid is a viable solution when the main grid extension is unavailable. 

Additionally, applying different scenarios highlights the inclusion of biogas may yield better 

outcomes in terms of sustainability. However, electricity distribution lines remain a major 

challenge in poorly structured and unorganized informal settlements. 

Keywords: Informal settlements challenges, Energy Modelling, Mini-grids, Comprehensive 

Energy Solution Planning, Sustainability, Kenya. 
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1. Introduction 

The proportion of people living in urban areas is projected to increase to 60% by 2030. 

Currently, about one in four (25%) urban residents experience poor living conditions that 

adversely affect their health, safety, prosperity, and opportunities [1]. Informal settlements 

represent a form of urban poverty that is predominantly growing in the world, and they 

represent a significant challenge for sustainable development. In Sub-Saharan Africa, the 

slums population accounts for 56.2% of all urban residents [2][3]. As discussed by Brasco and 

Onori [4] in a systematic literature review. The studies regarding the electrification of informal 

settlements and slums are comparatively scarce.  

Limited and unsustainable access to electricity in informal settlements leads to low well-being 

indicators and negative impacts on various aspects of life [5][6]. Achieving affordable, reliable, 

and sustainable energy is particularly challenging in unequal communities like informal 

settlements [7]. Furthermore, in the context of informal settlements, sustainable development 

and energy provision through standardized top-down approaches that do not take into account 

the specific challenges of informal settlements often fail [8][9].  

Informal settlements share similarities, but each one presents unique challenges and faces 

specific barriers to electricity service formalization challenges [10] [11].  Although socio-

economic challenges in informal settlements are interrelated and can exacerbate each other, it 

is essential to identify each challenge independently to accurately assess the primary 

electrification obstacles it implies. Electricity theft [12] [11], vandalism [13], poor 

infrastructure and street network [14][15], population instability [15], service affordability [16] 

and poverty penalty [17] are among the challenges that affect the technical solutions design 

and electrification success. 

Modellers often overlook social aspects due to their non-quantifiable nature and modelling 

challenges. The oversimplification of the energy model can result in inaccurate and irrelevant 

outcomes [17]. The solution adopted for this study is supplying electricity through 3rd 

generation mini-grid. By exploiting mini-grid advantages such as reliability and flexibility 

[50], the aim of the choice is to evaluate their potential in informal settlements context which 

is different from remote areas. 

This research studies the unique challenges associated with electrification in informal 

settlements. By identifying the specific challenges from both field campaigns and literature 

review, the study adopts the Comprehensive Energy Solution Planning (CESP) approach [18] 

to propose a tailored energy solution. Focusing on the technical solution design, the research 
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provides integrated guidelines based on the CESP framework, which allowed for a detailed 

assessment of context-specific challenges and their impacts on the energy planning for 

informal settlements. The significance of the study is to create an applicable and realistic 

approach that can be generalized to effectively address the specific needs of informal 

settlements electrification. 

2. Materials and Methods 

The analysis follows Comprehensive Energy Solution Planning (CESP), which is an iterative 

framework consists of a combination of three engineering and social phases each 

complementing each other. The framework is arranged in a clear and ready-to-use structure, 

relying on counterfactual analysis complementing traditional energy solutions planning 

methodologies [18]. Additional guidelines are suggested by the study, and they are integrated 

in the third phase of CESP methodology. These guidelines aim to provide reliable electricity 

access planning while accounting for the unique challenges of informal settlements. Informal 

settlements challenges may introduce constraints and/or implications to the energy production 

side, assessment and consideration of these constraints and implications are crucial to ensure 

a more realistic and practical solution design. 

The challenges analysis is divided into two parts: challenges assessment and challenges 

consideration. 

Challenges Assessment: is a qualitative assessment of the challenges to set a basis for 

challenges consideration by forming a cause/effect relationship. It starts by evaluating the 

challenge presence and then the constraints and implications it introduces. 

Challenges Considerations: is to determine and quantify the effect of the present challenges on 

the power production side following the four steps below; 

1) Choosing the suitable locations according to these criteria’s: 

 Accessibility. 

 Safety. 

 Ownership. 

 Area Availability. 

 Integration to the Main grid. 

2) Determining and quantifying the constraints introduced. 

3) Adjustments/sensitivity analysis for the parameters. 

4) Scenarios for challenges implications. 
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Energy modelling through MicrogridsPy [19] was the tool to determine the optimized energy 

mix for electricity provision, considering the implications derived from the suggested 

guidelines. Building the electricity demand curve is the starting point for the energy system 

design and modelling, the demand assessment for this case study was based on data collected 

by SEEDs and a load curve developed by Brasco & Onori [4]. A yearly growth of 8% was 

adopted for the base load, this growth was linked to the population growth and introduction of 

new income generating activities. To complete the system design, firstly, an assessment for the 

local available energy resources is needed. Secondly, the techno economic parameters of the 

project and technologies should be determined. These parameters were determined based on 

relative data from the literature and local market analysis. 

3. Results 

The results presented are focused on the energy modelling for a case study of Kingstone 

village. Kingstone village is in the Western borders of Mukuru informal settlement [15], with 

a population of nearly 20,000 people living in 4911 different households on an area of 

approximately 7.7 ha according to the last census in 2019 [20]. the current Levelized Cost of 

Electricity (LCOE) for Mukuru residents is 0.4614 USD/kWh [4].  

Table 9. Results of the energy modelling scenarios 

Scenario Components LCOE USD/kWh 

Base Scenario Solar PV, batteries, and 

diesel generators as a backup 

0.2083 

Green Scenario Solar PV, batteries, and 

biogas generators as a backup 

0.1572 

On-Grid Scenario Solar PV, batteries, diesel 

generators, and main grid as a 

backup. 

0.1692 

The minigrid average LCOE in Kenya is around 0.25 USD/kWh [21]. 

4. Discussion  

Due to overpopulation and high density of the informal settlement, there is no available specific 

area for minigrid installations. Therefore, the installations will be within the informal 

settlement residential area. The context challenges analysis reveals that they introduce 

significant constraints and implications for effective energy planning in informal settlements. 

The qualitative analysis of the challenges is important for the solution design and planning, it 

illustrated that biogas production from human waste was not feasible with the current 

infrastructures. Also, it highlighted that poverty penalty increases the dwellers willing to pay 

(WTP) for better services in Kingstone, which introduces an opportunity to utilizing a 3rd 
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generation minigrid for electricity provision although its LCOE is higher than that of the main 

grid. 

The quantitative analysis of Kingstone challenges resulted in direct and indirect implications 

for the energy modelling. The Solar PV technology power production was constrained to the 

area of 3,400 m2 on the roofs of St. Elzabeth Primary School. Also, the limited available area 

for the organic waste biodigester was 5 m3, which constrained the biogas production to around 

3,041.67 m3/year based on simplest model for biogas production estimation [22]. Another 

constraint introduced in the context is related to the minigrid layout as technologies should be 

distributed in the suitable location. To account for electricity theft as a lost revenue, higher 

values of O&M of the technologies was considered. 

   

Figure. 1. Spatial analysis of Kingstone. 

As electricity demand in informal settlements is only basic needs [8], the dispatch plot of the 

base scenario highlights the high potential of solar energy to meet demand when supported by 

batteries, especially during the initial years of the project and periods of high radiation. 

However, this performance is not sustained throughout the project's entire lifespan due to the 

increase in demand. This underscores the critical role of backup generators specially when we 

have a growing electricity demand. 

   

Figure. 2. Optimised Minigrid dispatch on the project first year (left) and last year (right). 

 

The green scenario offers superior economic and social benefits compared to base 

configurations despite the constraint imposed for the biodigester. Additionally, it is the most 
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environmentally friendly option as it relies on renewable resources. However, due to the lack 

of data regarding the characteristics of the available organic waste, suitable assumptions were 

made to estimate the biogas production and its introduction into electricity generation, but 

these results remain useful for scenarios analysis as they have impeded data inaccuracy. The 

integration of the main grid with the base system, which includes Solar PV, BESS, and diesel 

generators, significantly enhances the overall reliability and economic efficiency of the energy 

system, but it should be compliant to the regulation and governmental planning, and it 

introduces system dependency on external energy supply.  

5. Conclusions  

The study investigates electrification-related challenges to assess the impact of these context-

specific challenges on energy planning and electricity production, by proposing and following 

guidelines integrated into the Comprehensive Energy Solution Planning (CESP) framework.  

The challenges of informal settlements in the context of electricity supply should be analysed 

qualitatively and quantitatively as they may introduce significant constraints and implications 

for effective energy planning in informal settlements. The constraints imposed by these 

challenges were resource utilization constraints, area constraints for Solar PV, limited biogas 

production potential, and mini-grid layout restrictions. Although these challenges imply also 

considerations for costs such as higher O&M costs, it may introduce business opportunities, 

such as the poverty penalty which increases the dweller’s willingness to pay (WTP) for better 

services. 

For more precise energy modelling, the techno-economic parameters setting was a 

combination of values from the local market and related literature. The optimized energy mix 

and dispatch obtained through the modelling indicated that the system LCOE of the base case 

scenario was 0.2083 USD/kWh, although it is higher than the main grid LCOE of 0.167 

USD/kWh, it was less than the average range of mini-grids LCOE in Kenya. The base scenario 

LCOE remains also competitive for Mukuru dwellers compared to the current LCOE which is 

0.4614 USD/kWh due to the relatively high cost of services as a result of the poverty penalty.  

Different scenarios were explored; the green scenario and the on-grid scenario. While both 

offered lower LCOE, the green scenario has an impeded inaccuracy as the data were assumed 

and were not derived from experiments. The on-grid scenario introduces regulative obstacles 

and dependency by relying on an external electricity supply. The results suggest that electricity 

produced by mini-grids is a viable solution for sustainably electrifying informal settlements 

when the main grid is unavailable.  
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However, future research should focus on suitable approaches to integrate the economic and 

social challenges of informal settlements into energy modelling and planning to provide 

informed results. Additionally, reliable characteristics and parameters of biogas production 

potential in the area based on experimental and detailed analysis are crucial, given the 

availability of organic and human waste resources and their high potential to contribute to 

different aspects of a sustainable solution. Furthermore, electricity distribution lines remain a 

major challenge in poorly structured and unorganized informal settlements, and further studies 

on this issue are essential for successful electrification. 
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Abstract  

There is an aim of optimizing the use of local materials of marginal quality for pavement layers 

like subbase to reduce the total road construction costs significantly. The use of weak and 

expansive soils for road construction affects the performance and overall behaviors of the 

entire pavement structure. Stabilization of these weak soils in situ may be done with PVC waste 

and pumice powder to save on construction costs. The disposal of polyvinyl chloride (PVC) 

plastic threatens public health and the environment, as discarding PVC waste poses perpetual 

hazards. The study aimed at reducing harm from PVC by diverting PVC waste away from 

incineration and open burning into road subbase stabilization. Pumice is an amorphous foam 

made through volcanic eruptions. It’s composed principally of oxide and aluminum in relative 

amounts. It’s a pozzolan which, when reacted with calcium hydroxide in lime at room 

temperature, forms cementitious compounds. This research determined the effects of pumice 

as a reinforcement on polyvinyl chloride-treated red coffee soil for subbase construction. The 

investigation included laboratory tests and analysis of results from the tested samples. The 

PVC was added in a 1.5% proportion of the dry weight of the soil. The pumice was added in 

20%, 30%, 40%, and 50% proportions of the dry weight of soil. The highest MDD and CBR 

were obtained at 40% pumice proportions, being 1531 kg/m³ and 23.94, respectively. The 

research concluded that the addition of pumice to the soil sample for subbase construction 

improves the engineering properties and stability of the pavement layer. 

Keywords: PVC waste, pumice powder, subbase construction, weak soils, MDD, CBR. 
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1. Introduction 

The scarcity of traditional road construction materials has led to the exploration of alternatives 

like plastic waste for soil stabilization (Bu et al., 2019). Red coffee soil, commonly found in 

Kenya, presents engineering challenges such as high plasticity, swelling, and low bearing 

capacity, making it unsuitable for road construction without stabilization (Okwadha & Nyingi, 

2016). This study focuses on using locally available PVC waste and pumice to stabilize this 

soil, offering a cost-effective and environmentally friendly solution. Pumice, a pozzolanic 

material, reacts with calcium hydroxide to improve soil strength and reduce permeability 

(Mesfun et al., 2019). By incorporating PVC waste and pumice, this research aims to enhance 

the subbase properties of red coffee soil, providing an economical alternative to traditional 

methods like cement and lime, which are becoming more expensive (Naturinda, 2021). 

2. Literature Review  

Research Soil stabilization aims to improve the engineering properties of soil through physical, 

chemical, or mechanical means. Additives such as lime, which is mainly composed of calcium 

oxide, enhance soil strength, volume stability, and reduce swelling and shrinkage, especially 

in soils like Kenya's red coffee soil, which can exhibit low bearing capacity (Okwadha & 

Nyingi, 2016). Stabilizing these high-plasticity soils is essential to avoid construction problems 

such as differential settlement and increased project costs. 

Plastic waste, particularly PVC, has shown promise in improving soil properties. Studies have 

found that mixing plastic with soil increases strength and decreases maximum dry density 

(Abukhettala, 2021). Pumice, a porous volcanic rock, further enhances compressive strength 

and CBR values when added to stabilize soils (Mesfun et al., 2019). However, further research 

is needed to optimize the use of powdered PVC in soil stabilization and fully understand its 

performance when mixed with other materials (Abukhettala, 2021). 

3. Methodology 

The study tested the engineering properties of expansive red coffee soil treated with pumice 

powder (0%, 20%, 30%, 40%, and 50% by weight). Tests included wet sieve analysis, 

Atterberg limits, moisture-density relationship (compaction), and California Bearing Ratio 

(CBR). 

3.1. Materials sourcing and Equipment used 

Raw materials were: PVC sourced from dumpsites in King’ong’o, washed and grounded into 

powder as illustrated in figure 3.1a. Pumice stones were obtained along rift valley escarpment 
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in Naivasha and grounded into powder as illustrated in figure 3.1b.  Red coffee soil sample 

shown in figure 3.1c was collected around Gathuthi Tea Factory, and lime was also used.  

Figure 3.1. Raw materials 

Key laboratory equipment included plasticity index apparatus, moisture tins, Atterberg limits 

apparatus, standard sieves, and CBR apparatus. 

3.2. Laboratory Tests 

Moisture content: was established per ASTM D-2216 standards (ASTM, 2019). Soil 

specimens were dried in an oven at 100–110°C for 18-24 hours before testing. 

Physical properties: were assessed using gradation and Atterberg limits analyses. Grading 

followed AASHTO standards, grain size distribution was assessed according to ASTM D422 

(ASTM, 2017a), and Atterberg limits were tested per ASTM D4318 (ASTM, 2017b). 

The Proctor test: determined the optimal moisture content for maximum dry density (MDD) 

of PVC-treated red coffee soil, following ASTM D-1557 standards (ASTM, 2021b). 

Unconfined compressive strength (UCS) testing, per ASTM D-2166 standards (ASTM, 2016), 

measured the compressive strength of neat soil, producing a stress-strain curve. 

The CBR test: assessed soil strength by measuring resistance to penetration under controlled 

conditions. Specimens were prepared based on optimal moisture content and MDD, following 

ASTM D-1883 standards (ASTM, 2021a), with CBR values obtained at 2.5 mm penetration. 

4. Results And Discussion  

4.1.Results  

Table 4.1 shows that the red coffee soil is classified as expansive clay, with key properties 

indicating a need for improvement to meet engineering standards. 

a b c 
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Table 4.1 Properties of Neat Red Coffee Soil 

PROPERTY QUANTITY 

Colour red-brown 

Percentage passing No. 200 sieve, % 76.35 

Specific gravity 2.62 

Void ratio (e) 0.43 

Plastic index, % 40.0 

AASHTO Soil classification A-7 

Free swell, % 0.646 

Maximum dry density, kg/m³ 1301.7 

Optimum moisture content, % 40.5 

Soaked CBR value, % 1.924 

Hydraulic conductivity cm/s 0.01782 

Unconfined Compression Strength, qu KN/m² 38.11 

Shear strength qu/2 19.05 

The results of the engineering properties of the samples are as illustrated in table 4.2 and in 

figures 4.1, 4.2 and 4.3 

Table 4.2 Soil Sample Test Results Summary 

Description Liquid 

Limit 

(LL) 

Plastic 

Limit 

(PL) 

Plasticity 

Index 

(PI) 

Maximum 

Dry Density 

(MDD) kg/m³ 

Optimum 

Moisture 

Content 

(OMC) % 

California 

Bearing 

Ratio 

(CBR) 

Red coffee soil (RCS) 66.5 26.5 40.0 1301.70 40.50 1.924 

RCS + 1.5% PVC 63.94 31.23 32.71 1280.00 49.75 3.574 

RCS + 4% Lime 64.04 48.0 16.04 1326.16 32.66 19.24 

RCS + 1.5% PVC, 4% 

Lime + 20% Pumice 

62.68 47.50 15.18 1376.20 25.67 22.44 

RCS + 1.5% PVC, 4% 

Lime + 30% Pumice 

61.32 47.01 14.31 1470.20 22.89 23.74 

RCS + 1.5% PVC, 4% 

Lime + 40% Pumice 

57.35 47.11 10.24 1531.00 20.10 23.94 

RCS + 1.5% PVC, 4% 

Lime + 50% Pumice 

63.50 49.80 13.70 1501.20 22.00 23.44 
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Figure 4.1 Atterber limits 

a  

b  

Figure 4.2 a and b Maximum Dry Density 
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Figure 4.3 California bearing Ratio of various soil samples 

4.2. Discussion 

4.2.1. Physical and Engineering Properties of Red Coffee Soil 

The Atterberg limits test results in table 4.2 and figure 4.1 showed that the red coffee soil had 

a liquid limit of 66.5%, a plastic limit of 26.5%, and a plasticity index of 40.0%, indicating 

high plasticity per ASTM D424 standards. This high plasticity suggests potential challenges in 

construction, as it may lead to deformation and instability under load. The Proctor test revealed 

a maximum dry density of 1301.7 kg/m³ at an optimum moisture content of 40.5%, 

emphasizing the importance of moisture management to achieve proper compaction and 

structural integrity. The CBR test yielded a value of 1.924, highlighting the soil's potential for 

subgrade applications, though further enhancement may be needed to meet higher load-bearing 

standards. 

4.2.2. Optimum Proportion of Pumice on PVC Treated Red Coffee Soil 

The variation of the proportions of the pumice on the PVC treated soil sample had a general 

decrease in the liquid limit and plasticity index in all the Soil-PVC-Pumice lime combinations. 

The Plasticity Index of the soil sample decreases drastically, due to its tendency to swell and 

shrink. After initial mixing, the calcium ions Ca2+ from hydrated lime migrate to the surface 

of the clay particles and displace water and other ions. The soil becomes friable and granular, 

making it easier to work and compact. The liquid limit decreased to 57.35% and an increase of 

the plastic limit to 47.11% giving optimum values at 40% pumice. The results are as displayed 

in Table 4.2 and figure 4.1. 
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The optimum proportion of pumice in PVC treated RCS was found to be at 40% for proctor 

test. It was observed that the value of Maximum Dry Density of PVC treated RCS increased 

with increasing percentage of pumice with a margin up to 19.61%. The MDD increased from 

1280kg/m3 to 1531kg/m3 and the corresponding OMC was at 20.10% which was a decrease 

from 49.75% as displayed in Table 4.2 and figure 4.2a and b. However, a reduction of MDD 

was noticed at 50% pumice. The increase in MDD may be attributed to high specific gravity 

of pumice powder. 

The increase in MDD showed that pumice powder and lime facilitated in binding up of the 

particles of the PVC treated soil thus increasing its density. Increasing MDD also indicated 

reduced permeability and settlement of the soil. Flocculation and agglomeration occurred 

where; hydrated lime and pumice mixed with PVC treated RCS particles slowly producing 

drying because they reduce the soil’s moisture holding capacity. Drying occurred through the 

chemical changes in the soil that reduced its capacity to hold water and increase its stability. 

As illustrated in Table 4.2 and figure 4.3, at 40% pumice proportion, the CBR value increased 

to 23.94. Values beyond 40% pumice showed a decrease in the values of the different 

parameters: plasticity index, Maximum Dry Density and CBR. 

4.2.3. Strength Contribution of Pumice on Red Coffee Soil 

The CBR value for the 1.5% PVC-treated soil was found to be 3.574. Results in Table 4.2 and 

Figure 4.3 showed a 56.9% increase in the CBR of PVC-treated Red Coffee Soil with added 

pumice. This demonstrated a significant enhancement in load-bearing capacity due to pumice 

and lime treatment. The increase in CBR was linked to the formation of cementitious 

compounds, such as calcium-silicate-hydrates (CSH) and calcium-aluminate-hydrates (CAH), 

from the calcium in lime and the silica and alumina from the soil and pumice. These 

compounds, similar to those in Portland cement, formed a matrix that contributed to the 

strength of stabilized soil layers. The pozzolanic reaction between lime, soil, and pumice led 

to more cementitious compound formation, while the rise in Maximum Dry Density improved 

the soil's shear strength and bearing capacity by increasing frictional resistance. The 

combination of pumice and lime strongly improved the strength of expansive soils. 

5. Conclusion, and Recommendation 

5.1. Conclusions 

1) Properties of Red Coffee Soil (RCS): RCS has a high liquid limit (66.5%) and 

plasticity index (40%), indicating its expansive nature. With a low Maximum Dry 

Density (MDD) of 1301.7 kg/m³ and California Bearing Ratio (CBR) of 1.924, it is 
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unsuitable for direct pavement applications without stabilization, emphasizing the need 

for effective stabilization techniques. 

2) Optimal Pumice Proportion: An optimal pumice proportion of 40% by dry weight of 

soil was identified, reducing the plasticity index by 68.59% and improving workability 

and compaction. This mix enhances engineering outcomes, increasing the soil's 

suitability for subbase construction. 

3) Strength Contribution and Implications for Construction: The combination of 

PVC, 40% pumice, and lime increased the Maximum Dry Density (MDD) to 1531 

kg/m³, surpassing the minimum requirement of 1400 kg/m³ outlined in the Road Design 

Manual Part III. While pumice alone does not strengthen the soil, its reaction with 

calcium hydroxide in lime produces cementitious compounds due to reactive forms of 

alumina and silica, which enhance soil strength. The California Bearing Ratio (CBR) 

improved to 23.94, indicating a significant increase in load-bearing capacity. This 

highlights the potential of stabilized Red Coffee Soil (RCS) for use in road projects, 

contributing to the development of more durable infrastructure. 

5.2.  Recommendations from this Study 

1) Red Coffee Soil is technically and economically unviable for pavement construction 

unless stabilized. 

2) A mix of pumice and lime should be considered for stabilizing PVC-treated Red Coffee 

Soil, as this combination improves the soil’s strength and meets road construction 

requirements. 

3) An economic analysis should be conducted to assess the cost-effectiveness of using 

pumice for road stabilization in large-scale projects. 

5.3.  Recommendations for Further Study 

1) Conduct pilot road construction projects using PVC-treated Red Coffee Soil stabilized 

with pumice and lime to assess field performance and long-term durability compared 

to laboratory results. 

2) Investigate alternative pozzolanic materials in combination with lime for further 

improving the engineering properties of expansive soils in road construction. 

3) Explore the environmental impacts and sustainability of large-scale pumice mining and 

its long-term effects when used as a stabilizer in road construction materials. 
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