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ABSTRACT 

Interlocking compressed earth blocks were the modern form of earth block production 

for the construction of houses. In developing countries using earth as a construction 

material was an economical, sustainable, environmental friend and most efficient 

means to build houses. Much effort had not been done to utilize municipal solid waste 

incinerated bottom ash for the production of interlocking compressed earth blocks since 

a high amount of bottom ash was discharged from the incineration plant per day. The 

use of this municipal solid waste incinerated bottom ash in construction mitigates the 

environmental dangers associated with ash disposal in landfills and reduces the 

requirement of cement. This research was conducted on interlocking compressed earth 

blocks using municipal solid waste incineration bottom ash related to mechanical 

properties and production cost. The mechanical properties of interlocking compressed 

earth blocks and materials laboratory experimenters were done with different mix 

proportions in the ratio of 2 %, 4%, 6% and 8% municipal solid waste incinerated 

bottom ash with 8%,6%,4% and 2% cement and also 10%,15%and 20% municipal solid 

waste incinerated bottom ash without cement in the weight of mix soil. From this up to 

6% municipal solid waste incinerated bottom ash with 4%cement mix gave better result 

on the compressive strength and water absorption capacity, which exceeds the 

minimum standard requirement. The addition of municipal solid waste incinerated 

bottom ash above 6 percent gave high water absorption capacity and low compressive 

strength, which reduce the long-term durability of the blocks. Interlocking compressed 

earth blocks without municipal solid waste incinerated bottom ash had a little higher 

compressive strength and low water absorption capacity. However, using municipal 

solid waste incinerated bottom ash for the production of compressed earth blocks 

reduces, the production cost and environmental pollution without compromising 

minimum standard requirement. The production cost of interlocking compressed earth 

blocks was minimized up to 33 percent (3 birrs) per block by using 6%MSWI bottom 

ash with 4% cement. Therefore, stabilizing with bottom ash and cement was a more 

economical and environmentally friendly method.  

Keywords: Interlocking Compressed Earth Block; Cement; MSWI bottom ash 
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1. INTRODUCTION 

1.1 Background of the Study 

Earthen soil has historically been well known and widely used as a building material practice 

in the world for thousands of years. According to many studies, the earth was used as block 

production before Mesopotamia civilization. The Earth Block is one of the oldest and most 

important building materials in the world. The most basic building material used to build 

houses was conventional brick. In many areas of the world, conventional bricks are produced 

from earthen clay materials as a basic building material for the construction of houses with 

high-temperature kiln firing (Belayneh, 2013).  

The conventional method of brick production has resulted in undisputable deficiencies and 

high energy consumption. This shortcoming in conventional brick production contributes to 

search for a new idea to improving traditional building material made from raw earth. This 

new idea helps to use earth as a valuable and necessary building material by improving 

quality, potential applicability, and traditional production techniques (Mohammed, 2015). In 

addition to the shortcoming of conventional bricks, the rapid growth in today’s construction 

industry is also obliged to seek more efficient and sustainable alternatives materials. Among 

the alternatives, several waste materials have taken serious steps in the manufacturing of 

bricks (Shakir & Mohammed, 2013). Among these several wastes, municipal solid waste 

residue ash was the largest waste.  

Generally, municipal solid wastes involve all the wastes generated in a community except 

industrial process wastes and agricultural solid wastes. The sources of these wastes are 

mainly institutional, commercial, residential, construction and municipal services (Kassahun, 

2007). The demand for energy and the global impact of pollution is increasing in the world 

due to municipal solid waste, which attracts the attention of many scholars (Million Jarso, 

2017). The Waste-to-Energy (WtE) or municipal solid waste incineration technique is 

recognized worldwide as a relatively efficient way to manage municipal solid waste and 

reduces both the volume and mass of solid waste disposal. It is also linked to the generation 

of energy in the form of heat or electricity, which is a renewable energy source(Shakir et al., 

2013; Sabbas et al., 2003; Alba et al., 1997 and Massreshaw, 2018). 

  



2 

 

Polzer et al. (2015) compared to the environmental, economic and political aspects of the 

disposal of solid waste in landfill or waste to energy, the study show that landfills have a 

higher value in global warming, ozone creation potential should be located in a safe area and 

generate leachates. While waste-to-energy has a fuel gas system that treats hazardous gas, 

mitigates emission and does not produce leachate, also the water used in flue gas cleaning is 

being treated and reused. Because of the economic aspect, waste-to-energy was the most 

advantageous option than landfill since it generates energy. 

Ethiopia is a developing country with rapid economic and urban growth. Addis Ababa is the 

capital city of Ethiopia, which has a high population, due to this high amount of solid waste 

generated in the city. Municipal solid waste in Addis Ababa is one of the most serious sources 

of urban pollution. To minimize pollution the city administration implements a municipal 

solid waste incineration plant to convert municipal solid waste into energy, which is the best 

alternative waste management and a novel, environmentally friendly, renewable energy 

resource. It also minimizes the improper disposal of waste to the environment and the health 

effects of the people living around Koshe. This plant in Addis Ababa City generates 25-MW-

50MW of electricity per day and uses 1,400 tons of municipal solid waste per day as a 

feedstock (Massreshawo, 2018). 

Municipal solid waste incineration(MSWI) reduces the volume of waste rapidly during 

incineration, but some residues of ash remain unavoidable for further use or disposal 

(Massreshawo, 2018 and Shakir et al., 2013). The use of municipal solid waste incineration 

residue ash in construction mitigates the environmental hazards associated with the disposal 

of ash in landfills and creates additional space in existing landfills. Use municipal solid waste 

incineration ash for construction application is an excellent opportunity due to its very nature, 

since construction incorporates a variety of filler materials. Construction products reduce the 

potential for direct contamination of municipal solid waste incineration ash with water and 

soil. Also, the construction industry is a very promising mega-market for solid waste 

materials and government agencies favor the use of recycled products. However, disposal of 

MSW ash in landfills may not always be an environmentally or economically feasible 

solution (Rebeiz and Mielich, 1995). 
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At this time, different research is being carried out on the use of low-cost, affordable soil 

stabilized compressed earth blocks using locally available materials and various wastes such 

as coal ash, agricultural waste, MSWI bottom ash as building materials. But the composition 

and chemical contents of MSWI bottom ash vary from place to place and incineration plant 

to plant. In our country, the Koshe municipal soil waste incineration plant generates an 

electrical city, but the plant also generates bottom ash as a byproduct, which is deposited 

again as a landfill. The amount of bottom ash produced per day is very high, so using this 

ash in the production of compressed earth block material is one alternative to use this ash. 

Furthermore, the shortage of houses leads to seeking cost-effective, applicable, energy-

efficient and environmentally friendly building materials for sustainable and affordable 

construction. Interlocking compressed earth blocks, which are the most environmentally 

friendly and economical alternative walling materials among the latest technologies easily 

implemented with available resources. Interlocking compressed earth blocks were produced 

using different stabilizers to achieve the required strength and appearance as building wall 

materials. For this purpose, this experimental study was carried out on the behavior of 

interlocking compressed earth blocks using municipal solid waste incinerated bottom ash. 

1.2 Statement of the Problem 

Reducing the amount of non-recyclable waste with municipal solid waste incineration was 

an effective way compared to landfill sites. The first municipal solid waste incineration plant 

in Africa is Reppie waste-to-energy (municipal solid waste incineration), which is expected 

to receive 1,400 tons of municipal waste per day (Massreshawo, 2018). The unintended but 

unavoidable result of the incineration plant is bottom ash, which is disposed to open landfill. 

The incineration plant discharge around 100,400 tons of bottom ash annually(Samuel, 2018), 

which results in environmental pollution and groundwater pollution. Many studies have 

reported that the level of pollution in groundwater is high due to bottom ash dumping. 

Moreover, there is a rapid increase in the population in Ethiopia, which also has high access 

to housing. Housing is the basic and most expensive need for people. The cost of building 

materials is the main reason for the scarcity and expansiveness of houses, especially cement. 

As a result, affording applicable and low-cost construction materials for the community 

minimize the shortage of houses to the poorest part of the population. The use of locally 

available material without affecting the environment and reducing the use of cement is one 
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way to make construction cost-effective. For this reason, the research aims to evaluate the 

properties of interlocking compressed earth blocks using MSWI bottom ash, which reduces 

the environmental impact of ash and also the cost of building construction. 

1.3 Objective of the Study 

1.3.1 General Objective  

The general objective of this research is to study the behavior of interlocking compressed 

earth blocks using municipal solid waste incinerated bottom ash. 

1.3.2 Specific Objectives 

The specific objectives of this study were:  

➢ To characterize the properties of municipal solid waste incinerated bottom ash. 

➢ To examine the effect of MSWI bottom ash on mechanical properties of 

interlocking compressed earth blocks.  

➢ To compare the production cost of MSWI bottom ash and cement interlocking 

compressed earth blocks.  

1.4 Research Questions 

The study tries to answer the following questions. 

➢ What are the characteristics and properties of MSWI bottom ash generated 

from Reppie waste to energy (municipal solid waste incineration) plants? 

➢ What is the effect of MSWI bottom ash with cement on the mechanical 

properties of interlocking stabilized compressed earth blocks? 

➢ What is the production cost of cement and MSWI bottom ash interlocking 

compressed earth blocks?  

1.5 Significance of the Study 

The use of municipal solid waste incineration bottom ash in interlocking compressed soil 

blocks had been reduced problem of the landfill and environmental pollution. Also, the use 

of municipal solid waste incineration bottom ash minimizes cement demand for interlocking 

compressed earth blocks. Compressed earth blocks manufacturing companies would be used 

municipal solid waste as a stabilizer, which decreases the production cost and environmental 

pollution. The study result was also used as a reference for further study in this area.  
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1.6 Scope of the Study 

The scope of this study is to explore the mechanical properties of interlocking compressed 

earth blocks production using MSWI bottom ash. The study was limited to evaluates the 

compressive strength, water absorption, volume shrinkage and bulk density of interlocking 

compressed earth blocks. In addition, the study analyzed the properties of municipal solid 

waste incinerated bottom ash and measure the suitability criteria of soil for interlocking 

compressed earth blocks based on standards and production manuals. The study also 

compares the production cost of MSWI bottom and cement interlocking stabilized 

compressed earth blocks. 

1.7. Organization of the Research 

This thesis report was organized into five chapters.  

Chapter one: was about the background, statements of the problems, objective, scope and 

significance of the study.  

Chapter two: was about literature reviewed regarding interlocking compressed earth blocks, 

materials used in the production of interlocking compressed earth blocks, properties, 

application, acceptability criteria for interlocking compressed earth blocks. Moreover, 

practices of replacing cement with MSWI bottom ash interlocking compressed earth blocks 

were discussed. And also, a summary of the research gaps was observed. 

Chapter three:  this paper was about materials used and research methodologies followed. 

This chapter states materials and apparatuses used and experimental procedures, calculation 

and standard testing methodologies followed throughout the study. Also, the production 

process of interlocking compressed earth blocks and mix design to evaluate the mechanical 

properties of blocks was discussed. 

Chapter four: explains the laboratory test results and detailed discussions for conducted 

tests to determine the properties of materials and mechanical properties of interlocking 

compressed earth blocks.  

Chapter five: was all about conclusions and recommendations driven from this study. This 

chapter also states future recommended study areas based on the results of this study. Finally, 

this study contains a list of references and appendixes of supplementary source data which is 

too detailed to present in the main content of the report. 
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2.  LITERATURE REVIEW 

 2.1 Introduction 

The theoretical and empirical subjects of different literature were discussed in this chapter. 

The historical background of interlocking compressed earth blocks, the material used for the 

production of earth blocks was reviewed in the theoretical part. Whereas the empirical section 

contains the results of research on the characteristics and properties of MSWI bottom ash and 

the use of ash in block production. 

2.2 Theoretical Reviews 

2.2.1 Earth Materials and Traditional Clay Buildings  

Earth was one of the oldest construction materials for building houses. Recently, half of the 

world’s population is still living in earth buildings. In the world, one-fourth of urban housing 

units do not confirm building regulations and some of them were considered temporary 

structures. Building material selection is the core criterion to determine the required quality, 

strength, and cost of the construction. Building materials such as stone, sand, earth, and 

woods were used in the globe (Adam & Agib, 2001).  In the world clay earthen is existing 

universally with different geographical and weather conditions regard to these regional 

building techniques developed. Due to the development of civilization, the use of earth-

building materials decreases due to the innovation of concrete technology for the construction 

industry. But the economic and environmental related problems of the world nations turn to 

back to use earth as building material (Mohammed, 2015). 

 

The construction industry consumes a large portion of materials and energy in the world 

recently. This consumption has a direct effect on economic growths especially for developing 

nations like Africa and Asia. Implementing and developing more efficient technologies for 

the construction industries and using available resources decreases the economy and 

environmental effect of the industries. Currently, the use of alternative construction materials 

is practiced widely around the globe. Natural building material like Soil is one alternative 

that differs from wood and concrete material. The soil has been used in all parts of the content 

for many centuries as shown from ancient pyramids, templates and the great wall of china 

with compacted soil to gain insulting and resistant quality (Habtemairm, 2012).  
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In Ethiopia, soil is one traditional construction material used extensively for the construction 

of mud walls in all most all parts of the country with different weather conditions especially 

practiced in the southern-eastern rift valley area of the country. Mud walls also knowns as 

Chika are manufactured by mixing fine clay soil and short teff straw with water. The mixing 

procedures were usually done manually with human feet and somite time using animals, this 

mixed Chika can be used immediately or left for a week as filling material for wood poles 

and as final plastering (Abdulkadir, 2015). This traditional adopted practice of mud wall in 

Ethiopia has its defects like shrinkage cracks and rain erosion, consume natural resources 

like wood or increase deforestation, not many attractive appearances this weakens the wall 

and health problems of the dwellers. This defect led the people to search for another 

traditional practice by covering mud walls with animal dug as a protective coating. But this 

protective coating surface also needs continued maintenance every year (Asmamaw and 

Abebe, 2008 and  Habitemaraim, 2012).  

 

 Building with mud wall uses soil as the main component but the soil is susceptible to moisture 

and weather erosion effects due to the microscopic composed particles of soil are not strongly 

bonded as crystals together. Due to technological advancement, the performance of soil can 

be increased with the devotion of many efforts. Using additives like cement, and another 

compound. Interlocking stabilized compressed earth blocks production using the additives is 

one advanced technology for soil as a building material. Interlocking stabilized compressed 

earth blocks is a composite material made by mixing soil, stabilizer and water. In interlocking 

stabilized compressed earth blocks production using soil makes the product flexible and 

sustainable material. The performance of interlocking stabilized compressed earth blocks 

depends on the quality of the ingredient’s materials proportion and a class of construction as 

well as compaction pressure of the molding machine. Therefore, to know the performances 

of hydraform bricks or compressed earth blocks (CEB)  is mandatory to discuss the consistent 

materials and other factors affecting the performance (Gobitu, 2018 and Selam, 2015). 
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2.2.2 Practices and Application of Earth in Building Construction 

The practices of earth building construction were applied in different forms, some of these 

were:  

A. Adobe Blocks 

Building walls constructed from adobe or mud bricks well-known techniques and the oldest 

form of earth building before 8300 B.C, which was gradually inhabited house in the world 

some constructed North America around nine hundred years ago and practiced up to now a 

day. Adobe blocks are much closely related to compressed earth blocks (CEB), but this block 

has less uniform size than CEB. It was produced from clay soil mixed with water or straw 

fiber-like materials similar to mud with water content and then placed in mold boxes. Adobe 

blocks are the simplest form of earth materials and shrink before wall construction. Adobe 

blocks wall construction was done after cure enough this decrease shrinkage cracks in the 

constructed wall (Dhammadamrong, 2004). 

Soils that have clay content with a range of fifteen percent to thirty percent more suitable for 

adobe block production. Buildings made from adobe blocks have a good thermal mass that 

can absorb heat but have low insulation and degrade due to severe weather conditions. Adobe 

blocks are built by held together with mortar in wall construction (Dhammadamrong, 2004). 

Building with adobe blocks is the easiest and satisfactory house that constructed the least 

construction skill this is more advantageous over another method. However, adobe blocks 

are not advisable in high rainfall climates (Selam, 2015). 

 

B. Rammed Earth 

Rammed earth walls are the continuous structure, which was built by ramming moist subsoil 

with compaction layers with wooden forms. During construction short layer of the wall is 

completed and then the forms are moved to the next layer and continue up to the wall 

finished. Hand or pneumatic rammers are used during ramming the soil until it firms 

extremely enough dense. The amount of water and soil compaction is seriously controlled to 

get the required performances of the rammed wall (Kerali and Geoffrey, 2001). Rammed 

earth construction is not is to de well and time is taken to move the heavyweight wooden 

forms and the need for skilled power to build. However, when it is done very well manner 

rammed earth wall is most durable to survive some centuries (Abdulkadir, 2015). 
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C. Cob 

Cob is the oldest man-made built structure which the oldest technique of mud house 

construction and more practiced in Afghanistan with composed of the rammed earth wall. 

Cob is more similar to adobe blocks only differences in cobs there are the highest percentages 

of straws and no production of uniform blocks and can integrate curves and permitting 

sculptural forms and do not use for extreme climate conditions (Dhammadamrong, 2004).  

In the construction of cob wall, straws and sandy soils stiff as mud to molded into a ball like 

then thrown to the wall and stamp to the first layer of the wall without the use of any forms, 

which led cob construction is the most economical and easiest way. During cob walls 

construction, the soil is mixed thoroughly and enough stiff to avoid slump of the wall 

constructed slowly to get harden time of the mud. Cob houses are easy to build and no 

equipment require. But  cob houses may have shrinkage cracks (Dhammadamrong, 2004). 

 

D. Compressed Earth Blocks  

Compressed earth blocks are also known as hydraform brick which is the new technology of 

earth block construction was started during ninety fifties. Compressed earth blocks were the 

developed technological form of a rammed earth wall and unfired bricks and it becomes well 

known now a day for their sustainability and the modern type use of earth as a construction 

material. Compressed earth blocks are molded in a certain compacting pressure to compress 

the soil to improve the quality, durability and performance of the earth block as walling 

material (Adam & Agib, 2001).  

 

2.2.3 Background of Interlocking Compressed Earth Blocks   

The population in the world increased through time these facing housing problems and 

conserve the state of the environment for future generations. Construction and building 

design use maximum available resources without preserve environmental pollution now a 

day in the globe. For this reason, there is the scarcity of building material that leads to finding 

another alternative wall technology which is stabilized compressed earth block also known 

as interlocking hydraform brick (Ipinge, 2012). 

 

Interlocking stabilized compressed earth blocks (hydraform brick) which are the new 

technology of earth block construction was started during the nineteen fifties. The first 

manual pressed block for affordable houses was proposed in Colombian research programs, 
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which was the renaissance of construction of traditional earthen construction revival 

(Satprem, 2005). Compressed earth blocks are the idea of compacted soil to advance the 

quality and performance of molded earth bricks, which is a modern earth block which is 

usually known as adobe blocks, this was the first wooden tamp compressed earth block. This 

type of earth blocks popular around the world in the last thirty years or more in both 

developed and developing countries, which manufactured by pressing or tamping forcefully 

the soil into blocks within the mold (Abdulkadir, 2015). 

The difference between rammed earth blocks and interlocking compressed earth blocks, 

rammed earth blocks are molded by using large wooden forms to poured and press down to 

create the large form or the whole walls at one time. The consistent materials for both rammed 

earth and interlocking compressed earth blocks are the same but the production process is 

different. Interlocking compressed earth blocks are mold in the molding machine and 

installed in the wall by hand and use mortar bonded to held blocks together for the 

construction of walls (Habtemariam, 2012).  

 

Interlocking stabilized compressed earth blocks have approximately similar strength and 

durability as rammed earth with construction and other advantages. Interlocking stabilized 

compressed earth blocks use stabilized agents or chemicals to get satisfactory performance 

and character as near as fired brick and other certain building wall materials. Interlocking 

stabilized compressed earth blocks walls are built easily in a short time as adobe blocks walls. 

When pressed interlocking compressed earth blocks, it must be dry and enough to shrink 

before built as a wall due to this the wall is crack-free even it can be built with soils that 

shrink little. Interlocking stabilized compressed earth block walls have a very attractive 

appearance and it avoids surface coating when the right pressed power and soil type was 

used. Nevertheless, interlocking stabilized compressed earth blocks take much hard work 

when handling and mixing the soil manually and to transport construction site (Selam, 2015). 

2.2.4 Interlocking Stabilizing Compressed Earth Blocks 

The properties of soil can be improved by introduced stabilizing techniques to use as building 

materials. Cement is one of the most common stabilizer materials in the world that increase 

the wet strength of the soil end resistance of erosion of the wall (Asmamaw, 2007). When 

adding stabilizers like binders the soil retains its dimension and shapes and gain durability 
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and strength. Soil stabilization is a complex process since it has many variables to be 

considered (Selam, 2015 & Gobitu, 2018). There are many soil stabilized methods but 

selecting the most effective is a way to improve soil particle bond and fill voids. Stabilizers 

improve consistency and integrate soil particles. The stabilizer also decreases the change in 

volume and the occurrences of shrinkage and swelling effect (Habtemariam, 2012). 

 

Stabilization for interlocking compressed earth blocks is the main thing to manufacture which 

aims to improve the applicability of the soil as construction materials. Generally, the goal of 

stabilizers is to stabilize soils against water to maintain their properties when saturated and 

to reduce the porosity, increase the density, improve bond when it is wet and cohesion and 

mechanical properties also improved  (Gobitu, 2018 and Habtemariam, 2012). 

2.2.5 Methods of Soil Stabilization  

According to different studies, there are different methods of soil stabilization to improve the 

quality and properties of soils.  

A. Mechanical Stabilization 

Mechanical stabilization decreases the porosity and improves density by compressing or 

tamping soil particles together. Soil particles changed and rearranged during compressing of 

soil due to forces of compaction particles collied together and the air is eliminated from the 

soil voids. When the distribution of soil sizes is continuous or gap graded compaction is 

attained well since the voids are occupied by other particles. Compaction of soil has a positive 

effect on the compressive strength of the sample by mixing properly the soil and water and 

stabilizers. even though the compaction of soil highly depends on the soil properties and 

water content of the mix and also the compression power applied to the mold (Kerali and 

Geoffrey, 2001). 

B. Physical Stabilization 

Physical stabilization is the modification properties of soil by announcing the missing size 

fraction in the particle size distribution of the soil. In physical stabilization, soil voids closed 

and grains in the soil packed due to this the texture of soil changed within the controlled 

mixing of different particle fractions of soil together. Physical stabilizations are used to 

combine with other stabilization to get a better result because the effect of physical 

stabilization is short-term or not permanent (Kerali and Geoffrey, 2001). 
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C. Cement Stabilization  

Cement as stabilization is studied in many types of research, the properties of cement 

stabilization are clearly defined and easily understood. Portland cement is a major building 

material available in most parts (semi-urban areas) of the country. Cement is an effective 

stabilizer used for compressed earth blocks production (Nagaraj et al., 2014). Cement starts 

to hydrate when mixed with water which produces cementitious gel during the reaction that 

is independent of soil particles. This cementing process has the capacity to embedded soil 

particles in the matrix of the gel which is the result of the deposition between soil particles 

with the insoluble binders. Sandy soils are stabilized by cement effectively but clay soil is 

not advisable because it needs more cement which is uneconomical. For good stabilization 

cement is between in the range 4 to 16 by the percentage of different types of soil was 

recommended (Kerali, 2000). 

D. Pozzolanas Stabilization  

Pozzolana is a cementitious fine material that occurs in nature or man-made at different 

geographical regions in the world, which have mixed divided siliceous and aluminous rich 

material and suitable stabilization of clay soil. Pozzolanas possess little cementing material 

by themselves but when it reacts chemically with lime at natural moisture temperature to 

form Cementous compounds. Stabilizing using pozzolanas is an economical and sound 

method to decrease the amount of cement required for Interlocking stabilized compressed 

earth blocks and other stabilized earthen blocks (Vakili et al., 2013). 

 

2.2.6 Interlocking Compressed Earth Blocks with MSWI ash and Cement 

Researchers these days introduce new concepts about the use of environmentally friendly 

materials, recycling, and energy-saving products especially in the construction industry 

which uses high energy in the world. Traditional construction material like soil is a highly 

environmental friend and more economical. Cement is a universal construction material 

today world. But cement production causes environmental pollution and uses high power. 

Therefore, using alternative materials instead of cement is highly interested to decrease even 

to a small degree. Interlocking compressed earth blocks are produced by stabilizing suitable 

soil commonly by using cement (Trivedi, 2013).  
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Stabilizing using pozzolanic characteristic material decrees the cement requirement for soil 

stabilization. Municipal solid waste incineration bottom ash has a pozzolanic property which 

should be used as a soil stabilizer with cement for the production of interlocking compressed 

earth blocks. The compressive strength of strength compressed earth blocks does not 

significantly affect when adding MSWI bottom ash. The workability of the mix slightly 

increases as the percentage of MSWI bottom ash increases (Udawatth. et al., 2013).  

 

 Interlocking stabilized compressed earth blocks with the mixtures of MSWI bottom ash as 

cement can be used with different percentages of the soil. The physical properties and 

chemical composition of bottom ash show that MSWI bottom ash should be used as a 

pozzolans stabilizer with cement. MSWI bottom ash up to 5% by weight gave optimal 

compressive strength of interlocking compressed earth blocks. When the amount of MSWI 

bottom ash was high the compression strength decreased and the water absorption capacity 

increased, as the amount of bottom ash was used in the mix (Sornchomkeaw & Duangkeaw, 

2014). However, 2% MSWI ash `without cement can be stabilized the soil for the production 

of interlocking stabilized compressed earth blocks production that gives sufficient 

compressive strength (Fundi et al., 2014). 

 

2.2.7 Materials for Production of Interlocking Compressed Earth Blocks       

Materials used for the production of interlocking stabilized compressed earth blocks are soil, 

cement, and water. These are the main ingredients and have their suitability criteria and 

properties for the production of compressed earth blocks. The general properties of these 

materials are discussed as follows.  

A. Soil 

The main component of interlocking stabilized compressed earth blocks is soil that has 

different properties and quality depending on the occurrence of soil. In compressed earth 

blocks, production soil has the right composition and texture before mixing with stabilizers 

and water(Raheem et al., 2010). The suitability criteria of soil are determined for the 

production of compressed earth blocks based on the gradation and Atterberg limits and 

chemical composition of the soil properties. Clay and silt fraction of the soil is not falling 

apart in fresh compressed earth blocks, whereas the sandy and gravel properties of soil create 

a reaction with the stabilizers to stabilize dry and cured compressed earth blocks. Topsoil 
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parts contain humus that is not suitable for cement stabilizers and also soils having a PH 

value of 4.5-10 with less than 2% sodium and potassium salts are more suitable for 

compressed earth blocks (Raheem et al., 2010 and Gobitu, 2018). 

B. Cement  

Cement improves the durability, performance, stability, and strength of interlocking 

compressed earth blocks by performing the chemical reaction with soil particles. Cement act 

as a stabilizer to avoid decomposing of interlocking compressed earth blocks with water or 

rainy weather. The strength of compressed earth blocks directly proportion to the percentage 

of adding cement during mixing time but the cost of cement makes an economical this led to 

the use of the recommended amount of cement within the range of 4%-16% by weight of the 

soil type (Habtemariam, 2012). 

C. Water 

Water for interlocking compressed earth blocks production depends on the type of soil 

dryness. It lubricates and reduces the air void of soil to make slightly paste and easier to 

work. Water is important for the hydration processes of stabilizers to make the clay or silt 

fractions of soil compacted together in wet CEB manufacturing (Afkari, 2010). 

D. Municipal Solid Waste Incineration Ash 

Municipal solid waste incineration bottom ash has pozzolanic properties that are used to 

stabilize soil in interlocking stabilized compressed earth blocks production which satisfies 

the ASTM standard of pozzolan criteria (Fundi et al, 2014).  In the production of interlocking 

stabilized compressed earth blocks, MSWI bottom ash can be used as a partial replacement 

of cement to fill the soil void by hydration reaction between water to get a denser product 

(Sornchomkeaw & Duangkeaw, 2014).  

 

2.2.8 Municipal Solid Waste Incineration Bottom Ash  

Waste to energy (municipal solid waste incineration) reduces the volume of waste rapidly 

during incineration. but also have its negative impact such as leachate from storage and 

handling municipal solid waste unusable waste for disposal, wastewater from the plant 

energy generation process and bathrooms, air emission from the spent exhaust gases and 

some residues ash remain unavoidable for management further use or disposal (Shakir et al., 

2013 and Massreshawo, 2018). During the incinerator process, different solid wastes and 
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liquid residual materials and also gaseous effluent are generated among these bottom ash and 

fly ash are the most common residue ashes (Tang et al., 2015; Sabbas et al., 2003; Allegrini 

et al., 2014 and Alhassan et al., 2012). The volume of residues corresponds to one to four of 

the weight and one to the tenth of the volume of the initial waste. These are bottom ash, 

which is course inorganic material and unburned organic fractions like slag, glass, and 

partially unburned organic matter (Alhassan et al., 2012 and Sabbas et al., 2003). Bottom ash 

is coarse sand in appearance with a diameter varying from 0.1mm to 100mm (Alhassan et 

al., 2012). Fly ash the fine particle matter consists of partially burnet organic matter dust like 

grey particles with a diameter approximately 1-500 micrometers (Alhassan et al., 2012 and 

Sabbas et al., 2003). But the physical and chemical properties of the residue ash depend on 

the type and source of the solid waste and also the type of waste to energy plant. 

 

2.2.9 Properties of Soil for Interlocking Compressed Earth Blocks 

Earth's crust materials consisted of soils and rocks arbitrarily. Among these two consistent 

materials soils naturally combined of mineral grain sizes with or without organic matters they 

may be separated by mechanical means. Whereas rocks consisted of a strong and permanent 

bond of mineral grains. Rock’s surface is supposed to natural weathering for long time 

particles decomposed into small particles due to mechanical breakdown and chemical 

decomposition soil is formed (Arora, 2003). Soil that existed on the earth's surface resulted 

from the biological, physical, and climatic conditional effects of the underlying rock 

revolution and consist of many types of particles. Due to natural effects for long-time 

variations soil have different forms on the surfaces of the earth with a high number of organic 

compounds which is not suitable for compressed earth blocks production.  Soils contained in 

this organic layer avoided getting continuous particle size with the proportion of small size 

fine particles. Fine particles consist of clay and silt which pass 75 micro millimeter mesh 

sizes. This small particle especially clay increases the workability of mixture, degree of 

consolidation, and strength this property of clay is necessary for the production of 

compressed earth blocks. Sands are large particles of the soil consisted of silica and calcium 

carbonates. Soils are a non-homogeneous and pour nature because it contains air and water 

to fill the gap of other particles (Waziri et al., 2013). 
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Interlocking compressed earth block production is mainly dependent on the physical 

characteristics of the soil. Physical properties of soil are necessary to determine the mixing, 

forming, shrinkage, dry strength, molding, apparent bulk density, and permeability. The 

amount of clay in the soil also controlled to avoid high expansion and slump breakage of 

compressed earth blocks molding. Therefore, to facilitate the cohesion between particles of 

the mix the clay and silt necessary within minimum quantity for the manufacturing of 

compressed earth blocks (Afkari, 2010). When chemical stabilizers used chemical properties 

such as chemical compositions, mineral contents, and metallic oxides, the level of PH and 

salts in the soil are also needed (Asmamaw & Abebe,2008). 

Interlocking compressed earth blocks have high compressive strength, erosion resistance, and 

strong after cured when used suitable soil for the production. The use of suitable soil 

decreases the breakdown of the edge of compressed earth blocks when transported to the 

curing area immediately after molding in the molding machine and also avoids cracking at 

curing time and expansion or contract in wet and dry condition of the building (Waziri et al., 

2013). During the production of compressed earth blocks, excessive organic impurities and 

soluble salt content should be avoided (Morel & Walker, 2019). 

2.2.10 Classification of Soil 

Soil classification is important to know the suitability of stabilization this helps to determine 

the optimal amount of stabilizer and soil for the production of interlocking stabilized 

compressed earth blocks. The arrangement or sort of Soil into different classes (labels) is 

known as soil classification. Soils in certain classes or labels have similar behavior and 

properties. The earth is covered by various soil types for this reason it is necessary to classify 

into broad groups with similar behavior (Arora, 2003). Soils are classified based on common 

procedures adopted in standards throughout the world with different geological locations. 

Sometimes soils are classified based on the regional and local codes of classification systems 

(Kerali &Geoffrey, 2001). 

 

Soil classified in many ways may be based on either one or with the combination of the 

following criteria such as particle size, origin, plasticity organic content, texture, color 

computability, and density. Soil classification methods are based on either one or a 

combination of the following; particle size distribution, plasticity, compatibility, cohesion, 
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and organic matter content. Soils can be classified mainly by particle size distribution 

analysis and plasticity index. The particle size analysis were gave information on the soil's 

ability to pack into a dense structure and the number of fines present (combined silt and clay 

fraction), while the plasticity index gives an idea of the cohesion of the fines (Gobitu, 2018 

and Selam, 2015). 

A. Classification by Particle size Distribution  

Particles are mineral grain sizes in the distributed mass of soil. Civil engineers use particle 

size classification systems to graded soils. The classification system is based on grain size 

EBSC (Ethiopian building code of practices) and ASTM are summarized in as shown in the 

Table 2.1 as follows.     

Table 2. 1 Soil classification according to particle size based on EBCS 7 (mm) 

Sto

ne 

Gravel Sand  Silt clay 

Coarse  Medi

um 

Fine  Coa

rse  

medi

um 

Fine  Coar

se  

mediu

m 

fine 

60-

200 

20-60 6-20 2-6 0.6-

2 

0.2-

0.6 

0.06-

0.2 

0.02-

0.06 

0.006-

0.02 

0.002-

0.006 

<0.002 

           Source, EBCS7,1995 

Table 2. 2 The grain size classification based on the ASTM in mm 

Pebbles  Gravel sand silt clay 

200 to 20 20 to 2 2 to 0.06 0.06 to 0.002 0.002 to 0mm 

Source (ASTM 2487,2008) 

As the above Table 2.1and 2.2 shown that the ASTM and Ethiopian building code standards 

the particle size classification of soil has a similar range to classify soils into gravel, sand, 

silt and clay.  

As the above Tables show the fraction of soil particles that fall in the same group. To get 

denser interlocking compressed earth blocks with a less specific surface area, the soil was 

well graded. The densely packed arrangements of the structures have a large number of 

contact of particles which result in high load-bearing, fewer voids, reduced porosity of and 

increase permeability. The interaction of particles in size and number reduces the penetration 

of water for the soil. The chemical composition like calcium silicate matrix dispersed and 
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extended through soil voids this creates compacted voids result to use of less cement to get 

an efficient mix (Asmamaw, 2007).    

Stabilizer like cement and bottom ash covers the surface of soil particles, to get strength and 

durability the specific surface area of soil was determined the number of stabilizers to use, 

the less specific surface area needs less stabilizer in contrast high specific surface areas soils 

needed high stabilizer to exist coverage of the same particle surface. Gravel and coarse soil 

that have not clay and silt content do not use for hydraform brick production because of it is 

large particle size non-plastic properties which result in rough surface finish and have not 

sufficient cohesion between particles when demolding and transportation to curing area are 

not easy. In course soils there are large voids this increases the porosity and rapidly drying 

problems before stabilizers cure properly in interlocking compressed earth blocks. Therefore, 

gravel and coarse soils are not suitable for compressed earth block production. In contrast, 

soil contained sand, silt and clay particle size are suitable for compressed earth block 

production. Thus, suitable soil should be well-graded and have a sufficient amount of clay, 

sand, and silt content was proposed for compressed earth block production with other limits 

(Gobitu, 2018 and Selam, 2015). 

B. Classification by Plasticity (Fine Content) 

The plasticity classification of soil is one type of classification system to classify fine content 

of soils using Atterberg tests which are a liquid limit, plastic limit, and plasticity index are 

used to group finer fraction of soil less than 0.425 mm size (Kerali & Geoffrey, 2001). The 

plasticity of the finer fraction of soil (only particles less than 0.425 mm are tested). Atterberg 

tests that measure the amount of water content that soil passes from a liquid state to a plastic 

state is a liquid limit test. The change of soil from a plastic state to a solid estate is a plastic 

limit test whereas the plastic index is the difference between liquid and plastic limit in 

number, which gives the amount of water content that soil considered as plastic. The 

plasticity limit shows the expansiveness and cohesiveness of soil that is soils with low plastic 

index have low cohesion and expansion on wetting of the mix  (Asmamaw, 2007). Plasticity 

of soil shows the finer clay and clay content of soils which helpful for the compressed earth 

block strength and durability criteria due to its cohesiveness and the interaction of particles 

together. However, the amount and type of clay and silt content of soil parameters controlled 

for the production of compressed earth block (Gobitu, 2018). 
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2.2.11 Soil Selection for Interlocking Compressed Earth Blocks  

Interlocking compressed earth blocks are typically manufactured using mixtures of soil, 

cement, water, and sometimes other pozzolans which compressed using hydraulic pressure 

(Hydraform, 2013). For this production, the preferred soil type is sandy loam. Soil for 

compressed earth block should not contain any organic materials and free from any harm and 

salt content and contain a sufficient amount of clay to bind the bricks to handle the brick 

immediately without disintegration (Asmamaw, 2007). 

 Soil for interlocking compressed earth blocks more sand than clay and silt (fine). The largest 

size particles must have small enough to get a smooth surface finish and a well-graded sand 

fraction gives a more densely packed load-bearing brick. The Sand portion of the soil gives 

ultimate strength for block binding with cement and other agents. On the other hand, fine 

particles provide cohesion to the fresh block which prevents damage during removal from 

the mold and transportation to the curing area. Clay keeps the block together and makes it 

easy to carry it during construction (Asmamaw and Abebe, 2008). However, too much fine 

or high content requires a high number of stabilizers and sand would be  need blended with 

soil and make the block shrink and crack during curing and reduce the strength and durability 

of the final compressed earth blocks. Too little clay also makes the block difficult to handle 

(Hydraform, 2017). Soil can vary from markedly around the compressed earth blocks site 

and try to sound with the following ranges (Hydraform, 2017). 

Well graded: The more course materials use less blending is required. 

Enough clay content: Clay content in the soil is between 15 and 35% when very high clay- 

soil used for production the outer surface of compressed earth blocks relaxes when mold 

machine pressure is removed which results in surface cracks. This surface crack occurs due 

to the combination of plasticity (compressibility)of clay which expands pressure is released 

and the water content of the mix. 

Free from roots, leaves, and grass: Organic matters inhabit the hydration of cement.           

2.2.12 Available Criteria for Soil Suitability for Compressed Earth Block   

Selecting suitable types of soil for interlocking stabilized compressed earth blocks can be 

done in the field and laboratory using different selection criteria. Field selection is done by 

the visual view of the sample soil which is the fruit to experience acquired in the course of 

operational practice (Montgomery, 2002). In addition to field tests, the suitability of soil 
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samples for the production of interlocking stabilized compressed earth blocks can be done 

by gradation of the particles and the plastic index parameter of the soil (Hydraform, 20017).  

The range of gradational size of soil that is suitable for the production of soil stabilized bricks 

is sand / fine gravel (40-75%), silt (10-30%), and clay(15-30%) (Montgomery, 2002). 

A. Suitability Criteria Based on Compressed Earth Blocks Production Manual  

According to FKT hydraform production manual, the gradation of soil and the acceptable 

ranges are shown in the Table 2.3 below. 

Table 2. 3 Gradation of soil and acceptable range for CEB 

Name  Particle size (mm)  Acceptable range (%)  

Fine gravel  2 - 4.75 0- 10 

Coarse sand  0.2 – 2 20-35 

Fine sand  0.02- 0.2 20-30 

Silt  0.002- 0.02 15-30 

Clay  <0.002 10-20 

Sources, FKT hydraform manual, 2017 

The other selection criteria of soil suitability are the Plastic index which is the measurement 

of the plasticity of soil at the range of certain water content that soils exhibit the plastic 

properties. Plastic index is the numerical difference between the liquid limit and plastic limit 

of the given soil (ASTM D 422). A typical soil with a high value of plastic index tends to 

clay whereas a low plastic index tends to be silt and those that have zero plastic indexes are 

non-plastic with no silt or clay content. The following Table shows the plastic index range 

and acceptable values for the production of hydraform brick (Hydraform, 2013). 

Table 2. 4 Plastic index range and acceptable values for ISCEB. 

Meanings  Non-plastic  Slightly 

plastic  

Low 

plastic  

Medium 

plastic  

High 

plastic  

Very high 

plastic  

PI values   0 1-5 5-10 10-20 20-40 >40 

Sources, FKT hydraform manual, 2013 

B. Suitability Criteria based on Ethiopian Standards for Compressed Earth Block   

According to the Ethiopian standard for compressed earth blocks (CEB) selecting a suitable 

type of soil for the production of blocks takes place in the field and laboratory tests. The 
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Ethiopian standard for compressed blocks specifies two suitability criteria for the earth, 

which are granular composition and plasticity values (ES 3495, 2009).  

A. Granular Composition. 

According to Ethiopian standards, soil selection criteria the granular composition of the earth 

should fall in the range of the shaded area on the following Figure 2.1 below of textures and 

follow similar in shape. When the soils granular composition falls in the limit of the shaded 

recommended area usually give satisfactory result for the production of bricks or blocks. 

When the given sample of soil outside of the recommended shaded area it may give an 

acceptable result but it subjects to series of test for suitability (ES 3495, 2009).  

 

Figure 2. 1 Granular texture diagram of the earth (ES 3495, 2009) 

B. Plasticity Criteria   

Plasticity test criteria for the suitability of earth to manufacture compressed earth blocks are 

an indication of the workability of the soil. Plasticity test results fall in the shaded area as 

shown in the plasticity diagram Figure 2.2 below, the soil is considered suitable for the 

production of compressed earth blocks. Types of soil with plasticity values that fall outside 

the shaded area may still give acceptable results, but it is recommended that a series of tests 

should be assessed to enable their suitability (ES 3495, 2009).  
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Figure 2. 2 Plasticity diagram of the earth (ES 3495, 2009) 

2.2.13 Soil Testes for Interlocking Stabilized Earth Blocks  

A. Physical Tests  

Soils tests are the primary step to manufacturing interlocking stabilized earth blocks. There 

are two tests for the selection of soil for the production of bricks. These are field tests and 

laboratory tests (Gobitu, 2018, Asmamw, 2007, ES 3495,2009 and Hydraform, 2013). 

Field tests: Field test used to classify soils into different categories, that shows the suitability 

and unsuitability of the required number of stabilizers need by inspection of from the 

experiences of workers. These are the primary site tests to check suitability by surviving soil 

to restrict sample soils more measured in laboratory and trial production tests.   Field tests 

give rough result for grading and plasticity and fear easy to investigate this test. some tests 

such as visual test, wash test, jar test shrinkage test is field test performed at interlocking 

stabilized earth block production site (Hydraform, 2017). 

Laboratory tests: Laboratory tests show the numerical values for the selection of soil based 

on particle distribution. This numerical value is used to determine the best suitability of the 

soil for production.  According to ASTM standards laboratory tests like Atterberg limits tests, 

sieve tests and compaction tests give the gradation and plasticity property of the sample soil. 
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B. Chemical Composition of Soil    

The use of appropriate soil for interlocking compressed earth blocks production is vital to 

get effective products. The chemical properties of soil like composition, mineral contents, 

metallic contents, oxides and sulfates were very crucial for the production of compressed 

earth blocks. Usually, soil composition is mainly mineral composition and organic nature 

with a variable amount of water and air. This shows that soil is a highly variable and complex 

material in nature. Therefore, soil properties can be modified to improve their performance 

for the manufacturing of compressed earth blocks. But all soils may not be suitable for 

stabilization as found in nature for ICEB production. The decision on suitability requires the 

identification of the main soil constituents, which have a direct bearing effect on its properties 

and behavior (Abdulkadir, 2015).  

Soils are the main raw material for interlocking compressed earth blocks. Soils used for 

interlocking stabilized earth block production vary broadly in their chemical composition 

and also dependent on the locality from which the soil originates. Different proportions of 

soils are composed mainly of silica, alumina, lime, and iron. Soils consist principally of fine-

grained inorganic materials with principal chemical components such as SiO2, Al2O3, Fe 2O3,  

MnO, MgO, CaO, K2O, Na2O, P2O5 TiO2, H2O, LOI SO3 and Cr (Gobitu, 2018  and 

Abdulkadir, 2015). 

2.3.14 Current Application of Compressed Stabilized Earth Blocks 

Earth has been used as a major building material since the very earliest of times and today 

we can find evidence of this fact over vast areas of our planet. The compressed earth blocks 

are widely used around the world in the last 30 years not only in third world countries but 

also in the developed countries (Asmamaw and Abebe,2008). The research centers in India 

Auroville, CRA Terre in France, and the hydraform company in South Africa have made 

great progress on compressed earth blocks (Raheem et al., 2010)  

In India, different researchers are doing researches on compressed stabilized earth blocks 

using different soil and stabilization techniques. The application of Compressed stabilized 

earth blocks in India is in different areas like schools, stores, offices and also low-cost 

housing programs. The use of compressed earth blocks in India is encouraging. Arches and 

rounded corners are an option that allows for flexibility in design. Now days compressed 
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earth block, its flexible size and shape allows it to be used to achieve many different types of 

masonry and so to build houses of any style. In hot countries, and even more in those with a 

wide thermal variation, a compressed earth block wall creates a truly comfortable living 

environment compared to sand, cement-based materials. Occasionally, a social unwillingness 

to use the compressed earth block can be encountered when the compressed earth block has 

been too strongly associated with a low-cost (Raheem et al., 2010). 

 

The compressed earth blocks application in housing construction has not been encouraging 

by the incorrect perception that it is strongly associated with traditional stabilized soil. 

Another drawback for stabilized CEB has been the absence of quality control procedures and 

in particular of testing equipment to monitor quality. The apparent lack of attempts to address 

those problems has been compounded by the taste of modernization for sand-cement or 

concrete housing construction technology (Raheem et al., 2010). African countries such as 

Zambia, Ghana, Kenya, Uganda, Nigeria, Tanzania and Southern Africa are experiencing 

new forms of housing construction using compressed stabilized earth blocks, due to a 

massive influx of people from rural areas, resulting in high demand for housing (Raheem et 

al., 2010). 

 

In Ethiopia, the application of compressed earth blocks as wall-making material is in its 

earlier stage, this is mainly because of a shortage of awareness in the society. This gives 

frustration to the block manufacturers. But now a days some are preferring using interlocking 

compressed earth blocks for constructing walls for schools, guardhouses, fences, offices and 

halls, because of its lower cost and speed of construction.  

 

2.3 Empirical Review 

2.3.1 Properties Municipal Solid Waste Incinerated Bottom Ash and Cement  

A. Chemical Characteristic of MSWI bottom ash 

The chemical composition of bottom ash in the incineration products was silicate-based 

material with various amounts of other elements. The chemical composition like SiO2, CaO, 

Al2O3, Fe2O3, MgO, Na2O, K2O, and TiO2 were the dominating components, while minor 

and trace components, such as P, Cl, S, Pb, Zn, Cu, Mn, Ni, and Cr exist in different 

proportions. Chemical composition in municipal solid waste incinerated bottom ash is 



25 

 

different for many reasons such as; incineration system design, input waste composition, and 

seasonal variation may also lead to certain fluctuations from the mean values for each 

incineration plant (Wei et al., 2011). The main chemical components of MSWI bottom ash 

such as CaO, Al2O3, Fe2O3 and SiO2 were approximately similar to that of OPC (ordinary 

Portland cement). Therefore, MSWI bottom ash was recommended as an alternative material 

to cement (Li et al., 2016).  

The main oxides present in MSWI bottom ash are SiO2, CaO and Al2O3, with others like 

Fe2O3, Na2O, MgO, SO3, Cl, P2O5, ZnO and CuO in smaller amounts. The oxide composition 

of MSWI bottom ash is comparable to certain recognized pozzolanic and latent hydraulic 

cementitious materials. In soil stabilization or cement-bound mixtures, the potential 

pozzolanic properties of the material may be beneficial (Li et al., 2016). The most abundant 

minerals reported in MSWI bottom ash are quartz, calcite, hematite and magnetite. There are 

also more than 30 additional silicates, aluminates, aluminosilicates, sulfates, oxides and 

phosphates that have been less commonly identified in the material. When exposed to 

environmental conditions and weathering, the mineralogy of MSWI bottom ash were change. 

Aging treatment in outdoor conditions can be adopted, for varying periods, to induce the 

carbonation, hydration and organic biodegradation reactions in MSWI bottom ash (Lynn et 

al., 2017). 

However, the composition of MSWI bottom ash depends on the input waste, type of 

incinerator and process parameters, but it does not hinder its utilization in one of the various 

potential fields of application of the ashes. In the world, there is around 2200 waste to energy 

plants and the most suitable area of utilization for each type of ash produced also identified 

and put into locally use(Joseph et al., 2018). In Ethiopia, there also waste to energy planet 

but not used for local use.  

B. Chemical composition of OPC Cement  

Ordinary Portland cement has different components such as calcium silica, aluminum and 

iron. Silica, aluminum and iron are derived from sand, clay and iron ore source and also 

calcium comes from lime (Hailu, 2011). Chemical compounds have many effects on the 

clinker during cement production. Tricalcium silicate (C3S) hardens rapidly and is early 

responsible for initial set and early strength, Dicalcium silicate (C2S) hardens slowly and 
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contributes largely to strength increase at an age beyond 7 days. And Tri calcite aluminate 

(C3A) liberates a large amount of heat during the first few days of hardening and together 

with C3S and C2S may somewhat increase the early strengths of the hardening cement (this 

effect due to the considerable heat of hydration that this compound evolves) it does affect 

setting time. Tetra calcium Alumni ferrite (C4AF) contributes very slightly to strength gain. 

However, acts as a flux during manufacturing it contributes to the color effects that make 

cement gray. Modern Portland cement is made from materials that must contain the proper 

proportions of lime (CaO), silica (SiO2), alumina (Al2O3), iron (Fe 2O3) with minor amounts 

of magnesium oxide (MgO) and sulfur trioxide (SO3)(Hailu, 2011). The chemical 

composition of ordinary Portland cement 42.5 grade has the following element in the weight 

percentage such as SiO2 (17-25%), Al2O3(3-8%), Fe2 O3 (0.5-6%), CaO (60-65%), MgO 

(0.5-4%), Na2O (0.5-1%), K2O (0.5-1%) and MnO (6%) (Bhavan, 2013). 

2.3.2 Tests for Interlocking Stabilized Earth Block 

A. Compressive Strength 

The compressive strength of compressed earth blocks is the amount of pressure sample bricks 

resist without failing. However, the compressive strength depends on the amount and type of 

stabilizer used, soil type and compaction pressure used for the production. Maximum 

strength achieved by using suitable soil type, proper curing and compaction pressure. The 

minimum required for cement stabilized bricks is 1.0 Mpa (Abdulkadir, 2015) and 2.0 Mpa 

(Gobitu, 2018 and Kerali, 2000).   

 

Interlocking compressed earth block is a new technology practiced for the past twenty years 

as an alternative new building material like concrete and fired bricks. the methodology of 

compressed earth blocks production is now well understood and materials have been 

designed to obtain reliable and high performances materials. But the compressive strength of 

interlocking stabilized earth blocks has not universally recognized test standards to assess 

their performance. The compressive strength test is done on a compression machine which 

is subjecting axial load to the compressed earth blocks sample until failure. The minimum 

height of the brick for this test is six centimeters (ES3489, 2009). According to Ethiopian 

standards, the minim required compressive strength for an average of three units is 4.5 Mpa 

(ES 3489, 2009). 
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B. Water Absorption Test  

Water absorption test was done to determine the capacity of moisture absorption in 

percentage for the sample interlocking stabilized earth block. First, the dry interlocking 

stabilized earth block weighted in dry condition and immersed for 24 hours then removed 

and weighed again to get the wet mass of the sample. Knowing the water absorption degree 

of the sample brick is used as a criterion for setting maximum limits and improve durability 

(Asmamaw, 2007). The water absorption test aimed to determine the percentage of moisture 

absorption capacity of the block samples. Water is one of the major factors that contribute to 

the deformation and deterioration of cementitious structures (Selam, 2015). Water absorption 

properties of the stabilized earth block significantly affect durability. Water absorption the 

percentage ratio of weight water absorbed by the block to the weight of dry stabilized earth 

block (Asmamaw, 2007). 

There is no standard specification test procedure for the water absorption test of compressed 

earth blocks. According to a different study, the maximum allowable water absorption is 15% 

(Kerali, 2000 and Deepak, 2012). According to the Ethiopian standard of CEB the water 

absorption percentage of sample blocks for ordinary compressed blocks for structural 

elements, which capable of withstanding water damage by vertical penetration (capillary rise, 

penetration by gravity, suction, or internal condensation) that can be used for external walls 

unprotected from the capillary rise, internal walls unprotected from water leaking through 

the roof is less than or equal to fifteen percent of the dry weight (≤15%) (ES 3489, 2009). 

2.4 Summary of Literature Reviews and Gap Identification  

Compressed earth blocks were the lasts technology of the earth block and applicable in the 

world now a day. The goal of compressed earth blocks is to improve the quality and strength 

of molded old earthen blocks. Compressed earth blocks have sufficient compressive strength 

and resist water erosion this property can be achieved by using stabilizers like cement and 

pozzolans and compaction pressures which give a higher density of the block. When using 

proper compaction and stabilized agent compressed earth blocks are strong (durable) and 

cost-effective material for wall construction. Compressed earth blocks can be manufactured 

at the construction site which led to cost-effective (decrease transportation cost) and locally 

available and simple material to build wall structures. It is easy and simple to construct the 

block, which was interlocking each other no required skilled workers to build walls.      
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Before manufacturing the compressed earth blocks suitable soils must be prepared and 

checked according to the specification of the compressed earth blocks product manual 

concerning their gradation, size and plasticity with other field survey tests must be done 

properly and checked according to the given national standard of compressed earth block.  In 

addition, to the physical properties test of the soil and stabilizing agents, chemical properties 

of the sample soil and quality of stabilized agents should be checked. The number of 

stabilizers and their quality also affect the performance and quality of the compressed earth 

block. Proper compaction, handling and curing of up construction is important for getting the 

best rest.  

 

In modern times, researches have been done to use earth as construction material other than 

concrete. To do this researcher invited to modernize earth blocks using different stabilizing 

agents to get adequate strength and durability to use as masonry structures. According to 

literature cement and lime, stabilizers are more popular whereas MSWI ash is also used as a 

stabilizer as up to 2% gives the highest compressive strength after the 28th day of curing 

(Fundi et al, 2014). However, researches on the stabilizing ability of municipal solid waste 

incineration ash in interlocking compressed earth block was not popular as cement. 

Municipal solid waste incineration bottom ash in Ethiopia was not used for other applications 

it simply damped again as waste and has many environmental impacts on the surrounding 

area and groundwater. The properties of MSWI bottom ash are different from country to 

country and incineration plant to incineration plant as the development and living standard 

of people’s different place to place. Due to the above reason and increment of cement cost, 

this paper attempt to investigate the physical and chemical properties of the ash and also the 

mechanical properties of interlocking compressed earth blocks using municipal solid waste 

incineration bottom ash with cement. 
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3. MATERIALS AND METHODS 

3.1 Introduction  

This chapter states the methods and materials used throughout the study. In this chapter the 

type of research design and framework of the study, the sources of data and type of materials 

used for the sample production interlocking compressed earth blocks. Also, the methods and 

procedures followed to perform specific tests and method of data analysis used in the study 

were discussed in detail. 

3.2 Research Design and Framework 

This experimental study was conducted by collecting the literature to achieve the objective. 

Then, collect and characterize MSWI bottom ash properties. Finally, the mechanical 

properties of the blocks were conducted, analyzed and discussed in detail. The general follow 

of the study was shown in Figure 3.1 below. 

 

Figure 3. 1 General design and framework of the study 
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3.3 Sources of Data  

Both primary and secondary sources of data were used in this study. Primary data were 

collected from laboratory experimental results and visual onsite surveys. Whereas, secondary 

data were collected from published journal articles, papers, books, standards, factory 

production manuals and datasheets.      

3.4 Sampling  

The sample soil was collected from FKT hydraform brick factory in Bishoftu (Debrezeyit) 

Kebele 05. The soil was sieved and processed at different stages in the production site. The 

MSWI bottom ash was collected from Addis Ababa city administration solid waste open 

dumpsite located in Kolfa Keraniyo sub city woreda o1 around “Ayer Tsena” commonly 

known as Koshe. The size and number of sample blocks for compressive strength and water 

absorption were according to the ASTM standard and Ethiopian standard for each test. And 

also, the material test samples amount for soil, cement and MSWI bottom ash was conducted 

according to standard test methods.  

3.5 Materials 

Materials used in this study were soil, bottom ash, cement and water.  

3.5.1 Soil  

The soil used in this study was brought from FKT hydraform brick factory in Bishoftu 

(Debrezeyit) Kebele 05. The company brought and transported the soil from Kotebia or Kara 

area around Addis Ababa. Soil samples were prepared through drying, grinding and sieving 

to the required size using conveyor belts to get a well-graded particle and follow serious of 

sieve before added to the mixer tank. Laboratory tests were conducted to examine numerical 

values for the soil sample which determine the suitability of the soil for interlocking 

compressed earth blocks production.  

3.5.2 Municipal solid Waste Incinerated Bottom Ash  

MSWI bottom ash found from Reppie waste to energy (municipal solid waste incineration) 

plant in Addis Ababa. The MSWI bottom ash was discharged from the moving grate of a 

municipal solid waste incinerator plant, which was the unwanted but unavoidable outcome 

of the incineration plant. Around 100,400 tons of bottom ash were produced annually and 

disposed of in open landfills (Samuel, 2018), which results in environmental pollution and 
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groundwater pollution. MSWI bottom ash corresponds one to four of the weight and one to 

the tenth of the volume of the initial waste, which was course inorganic material and 

unburned organic fractions like slag, glass, and partially unburned organic matter. Bottom 

ash is coarse sand in appearance with a diameter varying from 0.1mm to 100mm (Alhassan 

et al., 2012). The produced bottom ash has a small number of ferrous metals and other cloth 

and plastic materials and non-hazardous as compared to MSWI fly ash. For this study Around 

200 kg bottom ash was brought from the plant that discharged from the moving grate by 

separating more course material using mesh. Then wet MSWI bottom ash was weathered and 

dried by natural condition for two weeks in Addis Ababa Science and Technology 

University. After natural weathering, some particles, debris and metals were removed using 

metal meshes. Then the sieved bottom ash was ground into powder-like fine particles to get 

cement size. Some physical and chemical tests were done in the laboratory to check the 

pozzolanic properties and stabilized nature of bottom ash. But, the physical and chemical 

properties of bottom ash depend on the type and source of the solid waste and also the type 

of waste to the energy plant.  

                                                    

Figure 3. 2 MSWI bottom ash 

MSWI bottom ash at incineration plant  

Sieving of bottom ash 

Fine grinded bottom ash 
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3.5.3 Cement  

The most common cement used was Ordinary Portland Cement (OPC) as a binding agent. 

The OPC 42.5 grade (Dangote OPC) conforming to ASTM C150 (2011) was used for this 

study, which was manufactured from Dangote cement factory in Ethiopia, which fulfills the 

minimum required criteria of the Ethiopian cement standard.  

3.5.4 Water 

Water used for the mixing samples was tap water, which was supplied by the Bishoftu water 

supply system of the city. Water makes the soil, cement, and bottom ash more plastic and 

changes the mixes to easily molded desired shapes for the production of interlocking 

compressed earth blocks. Throughout the mix fresh and clean water, which was free from 

organic matter, silt, oil, and acid material used for casting and curing specimens.  

3.6 Methods  

In this sub-portion, different methods and procedures followed in this study were discussed 

according to the properties of materials. The methods followed to check the suitability of the 

soil, properties of bottom ash and the produced sample blocks were discussed according to 

their required procedures and formulas to analyze results.  

3.6.1 Properties Municipal Solid Waste Incinerated Bottom Ash  

A. Physical Properties of MSWI Bottom Ash  

Physical properties of MSWI bottom ash were examined to check the suitability of the ash 

to use as cement for the production of interlocking compressed earth blocks. Physical 

properties of MSWI bottom ash such as; specific gravity, consistency, fineness, initial and 

final setting time were tested in Addis Ababa Science and Technology University advanced 

construction material laboratory.  

I. Specific gravity of MSWI bottom ash  

Specific gravity MSWI bottom ash measures the weight to volume ratio of MSWI bottom 

ash with an equal volume of reference kerosene. To determine the specific gravity of MSWI 

bottom ash Le chatelier’s flask was used and kerosine was used as a reference substance. 

This test was done accordingly to the standard test procedure of hydraulic cement as specified 

in ASTM (ASTM C188,1995, and Abebe, 2002). Specific gravity MSWI bottom ash was 

calculated as follows.  
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 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑔𝑟𝑎𝑣𝑖𝑡𝑡𝑦 (
𝑔

𝑐𝑚³
) =

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑀𝑆𝑊𝐼 𝑏𝑜𝑡𝑡𝑜𝑚 𝑎𝑠ℎ(𝑔) 

𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑐𝑚3)
 

The difference between the original and final level flask reading was the volume of liquid 

displaced by the mass added bottom ash for the sample test. The result was discussed in 

section 4.2.2 below.   

                                                      

Figure 3. 3  Specific gravity test of MSWI bottom ash 

II. Normal Consistency of Cement and MSWI bottom ash 

Normal consistency of cement and MSWI bottom ash was done to determine the amount of 

water content added to attain their consistency paste. Normal consistency of cement and 

municipal solid waste bottom ash was done by using the V-cat apparatus according to 

(Abebe,2002 and ASTM C187,1998). The paste was said to be normal consistency when the 

rod settles 10±1 mm below (Abebe, 2002, and ASTM C187,1998). The Consistency of 

cement and MSWI bottom ash was calculated using the following formula. 

𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 (%) =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟  (𝑔)

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑒𝑚𝑒𝑛𝑡 (𝑀𝑆𝑊𝐼 𝑏𝑜𝑡𝑡𝑜𝑚 𝑎𝑠ℎ (𝑔)
∗ 100 
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Figure 3. 4 Normal consistency test of cement and MSWI bottom ash 

III. Fineness of Cement and MSWI bottom ash 

 

The Fineness of cement and MSWI bottom ash was done to determine the fineness of the 

particles. the test was done according to ASTM C184 and Abebe Dinku construction material 

manual (2002). This was done by using number 100 sieve (150µm) sieve with a pan. The 

fineness of cement and MSWI bottom ash was calculated using the formula below.   

 𝐹(%) = 100 − 
𝑅𝑠∗100

𝑊
  

Where F = fineness of cement or MSWI bottom ash in percentage  

           Rs= residue from sample retained on the sieve(g)  

          W = weight of sample (g) 

IV. Setting time of Cement and MSWI Bottom Ash  

This test was done to determine the initial and final setting time of cement and MSWI bottom 

ash at the normal consistency of their paste.  The test was done using the V-cat apparatus by 

Prepare MSWI bottom ash, OPC and their replacement percentage paste at the normal 

consistency. The results were interpolated to obtain the Initial Setting time at the penetration 

of 25mm. The final setting time was a time when the needle (5mm) has zero penetration. 

This test was done according to ASTM C191, (1999) and Abebe, (2002). 
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Figure 3. 5 Setting time test for cement and MSWI bottom ash 

B. Chemical Compassion of MSWI bottom ash 

The chemical composition MSWI bottom ash was done to know the oxide compositions. To 

investigate the chemical composition test, the first municipal solid waste incinerated bottom 

ash sample was weather dried and ground as cement size. According to the geological survey 

of Ethiopian geochemical laboratory, the major and minor chemical composition and oxides 

elements were determined by analytical methods LiBO2, FUSION, HF attack and AAS 

(Automatic absorption spectrometry), which determine Al2O3, Fe2O3, CaO, MgO, Na2O, 

K2O, and MnO. This bottom ash was composed of silica, alumina, and iron with small 

amounts of calcium, magnesium, and other oxides as per Ethiopian geological investigations. 

3.6.2 Properties of Soil  

A. Physical properties of soil 

i. Grain size of soil  

Grain size analysis was conducted to derive the particle size distribution of soils. Two types 

of methods are used to analyze the grain size of soil. The first method was sieve grain size 

Analysis, which determine the particle size ranging from 0.075 mm to 4.75 mm. The second 

one was the hydrometer analysis method, which determines particle sizes smaller than 0.075 

mm. A Sieve grain size analysis test was carried out with the utilization of a set of sieves 
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with different mesh sizes. Each sieve has square-shaped openings of a certain size and 

separates larger from smaller particles by disturbing the soil with the mechanical shaker. The 

grains with a diameter larger than the size of the openings are retained by the sieve, while 

smaller diameter grains pass through the sieve. The test was conducted by placing a series of 

sieves with progressively smaller mesh sizes on top of each other and passing the soil sample 

through the stacked sieve. A pan was also used to collect those particles that pass through 

the last sieve 0.075mm (No. 200). Finally, the retained soil result was carefully weighed and 

recorded. This was done according to ASTM D 422 - Standard Test Method for Particle-Size 

Analysis of Soils. The data were analyzed by using the following formulas (ASTM D 422, 

1998). 

𝑝𝑒𝑟𝑐𝑒𝑛𝑡 𝑟𝑒𝑡𝑖𝑎𝑛𝑒𝑑  (%) =
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑟𝑎𝑡𝑖𝑎𝑛𝑒𝑑 𝑠𝑜𝑖𝑙 (𝑔)

𝑡𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑜𝑖𝑙  (𝑔)
∗ 100 

𝑝𝑒𝑟𝑐𝑒𝑛𝑡 𝑝𝑎𝑠𝑠𝑖𝑛𝑔 (%) = 100% − 𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 percentage retained  

ii. Hydrometer analysis of fine soil 

The hydrometer analysis test was done for particle sizes finer than 75μm. These particles 

pass through the last sieve (No. 200) of the sieve analysis test. The test was done by using 

the fine soil from the bottom pan of the sieve set, place it into a beaker, and dispersing agent 

(sodium hexametaphosphate) solution. The reading was taken at the top of the meniscus 

formed by the hydrometer stem and the control solution. The hydrometer readings were taken 

after an elapsed time of 2 and 5, 8, 15, 30, 60 minutes, and 24 hours (ASTM D 422,1998). 

The final calculation and the format table analysis were shown below in appendix B. 

iii. Atterberg limit tests of soil  

The Atterberg limit was performed to determine the plastic limit, liquid limits, and plastic 

index (ASTM D4318,1999).   

Liquid Limit: the test was performed by using liquid limit devices (Casagrande apparatus). 

First, the soil sample passed through No. 40 sieves placed into the porcelain dish and 

thoroughly mix the soil with a small amount of distilled water until it appears as a smooth 

uniform paste. And continue the test by adding a small amount of distilled water to increase 

the water content so that the number of drops required to close the groove decrease and repeat 

the step for the additional trail to two trial below 25 number of drops and two trial above 
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25number of drops. Finally, the liquid limit was determined as the water content at 25 drops. 

The water content of each of the liquid limit moisture cans after they have been removed in 

the oven for 24 hours was calculated and plotted through graph number of drops versus water 

content. The plastic limit test was done according to ASTM D 4318, (1999). Water content 

was calculated using the following formula: 

𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡(%) =
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟(𝑔)

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑦 𝑠𝑜𝑖𝑙 (𝑔) 
∗ 100 

Plastic Limit: the soil was mixed with distilled water to get consistency, then it can be rolled 

without sticking between the palm or the fingers and the glass plate. The soil was rolled 

around 3.2 mm diameter thread. Then, leave the moisture can in the oven for 24 hours. 

Finally, the Plastic Limit was calculated to know the water content of each of the plastic limit 

moisture cans after they have been removed from the oven. Then computed the average of 

the water contents to determine the plastic limit (PL). The test was done according to the 

ASTM standard (ASTM D4318,1999). The plastic limit was calculated using the following 

formula: 

𝑝𝑙𝑎𝑠𝑡𝑖𝑐 𝑙𝑖𝑚𝑖𝑡 = 𝑚𝑜𝑖𝑠𝑡𝑢𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡(%) =
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟(𝑔)

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑦 𝑠𝑜𝑖𝑙 (𝑔) 
∗ 100 

Plastic index: plastic index was calculated after the liquid limit and plastic limit tests were 

done using the following formula (ASTM D 4318, 1999). 

𝑝𝑙𝑎𝑠𝑡𝑖𝑐 𝑖𝑛𝑑𝑒𝑥(𝑃𝐿) = 𝑙𝑖𝑞𝑢𝑖𝑑 𝑙𝑖𝑚𝑖𝑡(𝐿𝐿) −  plastic limit (PL) 

iv. Specific gravity test of soil. 

Specific gravity test of the sample soil was done to determine the density of soil with the 

reference water using a pycnometer (specific gravity bottle). The test was conducted using a 

pycnometer and distilled water according to ASTM standard (ASTM D854,1999).  Then the 

result was calculated by the following formula as ASTM standard of, Standard Test for 

Specific Gravity of Soil Solid by Water Pycnometer as follows; 

𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑔𝑟𝑎𝑣𝑖𝑡𝑦 =
(𝑊2 − 𝑊1)(𝑔)

 (𝑊2 − 𝑊1) − (𝑊3 − 𝑊4)(𝑔) 
 

Where; W1=weight of the clean empty pycnometer. 

             W2= weight of pycnometer with dry soil. 
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             W3 = weight of pycnometer, soil and water. 

             W4 = weight of pycnometer with water  

v. The natural moisture content of the soil 

This test covered the laboratory determination of the water content of natural soil. The test 

was conducted using a clean and dry specimen container(can). The sample soil for this test 

was taken from the collected soil sample for the mix. The weighted soil was put into oven-

dry at 105 0C for 24 hours. The test was conducted according to ASTM D2216, (1999). The 

result was calculated using the following formula:  

𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (𝑤%)  =
(𝑀𝑐𝑤𝑠 − 𝑀𝑐𝑠)

(𝑀𝑐𝑠 − 𝑀𝑐) 
∗ 100 =

𝑀𝑤

𝑀𝑆 
∗ 100 

Where: Mcws = mass of the container and wet specimen(g) 

            Mcs = mass of container and oven dry specimen(g) 

            Mc = mass of container(g) 

            Mw= mass of water(g) 

            Ms = mass of solid particle (g) 

vi. Shrinkage test of soil 

A linear shrinkage test was performed to determine the change in length of soil paste. The 

test was done according to FKT hydraform manual (2017). The test was done using a soil 

sample that passed in number 10 sieve with water around 20 -25 number of drops in the liquid 

limit test. Then the shrinkage trough length 140mm filled and scrap level and leave it for 24 

hours oven dry at 1050C. Finally, remove from the oven dry and allow the material and 

container to cool at room temperature. Then, determine and record the length of the dried 

sample change. linear shrinkage was calculated as follows: 

𝑙𝑖𝑛𝑒𝑎𝑟 𝑠ℎ𝑟𝑖𝑛𝑘𝑎𝑔𝑒(%)   =
(𝐿𝑤 − 𝐿𝑑)(𝑚𝑚)

𝐿𝑤(𝑚𝑚) 
∗ 100 

Where: Lw = length of wet sample soil in a trough (mm) 

            Ld = length of the oven-dry sample (mm) 

B. Chemical composition of soil 

The chemical composition of the sample soil was done in the geological survey of Ethiopian 

geochemical laboratory given that the major and minor chemical composition and oxides of 
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the total soil samples, which determined by analytical methods LiBO2, FUSION, HF attack, 

Gravimetric, Colorimetric and AAS (Automatic absorption spectrometry) that determine 

Al2O3, Fe2O3, CaO, MgO, Na2O, K2O, and MnO. The test was conducted in. geological 

survey of Ethiopian geochemical laboratory. 

 

3.6.3 Mix Proportion 

Mixing raw materials like; soil, cement, MSWI bottom ash, and water were mixed manually 

with an appropriate percentage mix for the production of sample interlocking compressed 

earth blocks. The amount of MSWI bottom ash and cement added to the interlocking 

compressed earth block was measured as a percentage of the total soil content by soil weight. 

Ethiopian standards for cement stabilization compressed earth blocks specify that the 

efficacy of cement dosage depends on the texture and structure of the soil and how it was 

used, which was 6 to 12 percent of the weight of the dry soil, which gives good results. As 

the amount of cement increased strength of compressed earth blocks also increased. 

Compressive strength was highly dependent on the dosage of cement used for stabilization. 

This study depends on the different results of the researcher and the available market blocks 

to obtain high strength interlocking compressed earth blocks, which were 10 percent cement 

by weight of soil. Cement up to 10% has been given maximum strength and cost-

effectiveness, which was a more recommended and practiced cement percentage for soil 

stabilization as specified in hydraform, (2013 & 2017) and ES 3496, (2009). Due to this 

reason, the control group (references) for this study was 10% cement was taken to compare 

the result of MSWI bottom ash addition with different percentage of cement, which also used 

to compare the efficiency to the standard criteria of ordinary compressed blocks. The mix 

design for this study was presented in Table 3.1 below.   
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Table 3. 1 Mix design for sample compressed earth block preparation 

mix no  

code  

  

  

cement 

 

bottom ash    soil  

water  

sample 

number   
% kg % kg  % kg  % (number) 

MBA0 10 8.4 0 0 90 76.0 20 12 

MBA2 8 6.7 2 3.0 90 76.0 20 12 

MBA4 6 5.0 4 3.4 90 76.0 20 12 

MBA6 4 3.4 6 5.0 90 76.0 20 12 

MBA8 2 3.0 8 6.7 90 76.0 20 12 

MBA10 

  

10 8.4 90 76.0 20 12 

MBA15 

  

15 13.0 85 71.0 22 12 

MBA20 

 

  20 17.0 80 67.0 22 12 

MBA0: 10%Cement and 0% MSWI bottom ash  

MBA2: 8%Cement and 2% MSWI bottom ash  

MBA4: 6%Cement and 4%MSWI bottom ash  

MBA6: 4%Cement and 6%MSWI bottom ash  

MBA8: 2% Cement and MSWI bottom ash  

MBA10: 10% MWSI bottom ash  

MBA15: 15% MSWI bottom ash  

MBA20: 20% MSWI bottom ash  

3.6.4 Specimen Preparation 

The sample interlocking compressed earth blocks produced from FKT hydraform brick 

factory in Bishoftu (Debrezeyit), kebele 05, east Showa zone. The manufacturing process 

includes the following stages. The quality of interlocking stabilized compressed earth blocks 

was depending on each stage. The general stages used for the production of sample 

interlocking compressed earth blocks were: 
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1.Stocking (collecting) raw materials  

Raw material such as soil which has been taken from the FKT interlocking hydraform block 

production factory was stoked without any pollution from other types of soil, other material 

and protected from accidental moisture. The sample soil was in natural conditions, dry with 

< 5% moisture content and sieved enough preferably not above 2 mm size (ES 3496, 2009). 

Stabilizing agents such as cement and MSWI ash were stocked without any bad weather and 

contacts. The MSWI bottom ash was prepared and sieved and girded to approximately 

cement fineness.  

2.Pulverization 

Soils pulverize by blade grinder or cutters made up of steel blades oscillating around an axis, 

which in turn rotates around a central, main axis. Pulverization of soil was an important 

operation and must be carried out with great care. The more finely clay and silt are broken 

down more homogeneous soil was produced in the pulverization process. Certain types of 

soil still require screening after pulverization. 

3.Screening  

Screening was a separation of soil particles through a system, which gave the least rejected 

material to be chosen. The soil was first sieved manually from the production site to separate 

the course parts. Then manually sieved parts pass through a rotating screen that rotates 

around a horizontal, mechanically driven axis or a belt in an almost horizontal position. They 

were designed to allow direct filling of a wheelbarrow or conveyor belt. The objective of this 

operation is to eliminate all components with a diameter greater than that required size (ES 

3496, 2009 and Hydraform, 2017&2013). 

 

4.Mixing  

Mixing was the extent to which materials are evenly mixed to produce high-quality blocks.  

Even though, the soil well-graded the cement and MSWI bottom ash must be mixed properly 

as possible and evenly distributed. The mixing process was done in dry and wet mixing 

stages. The cement, soil, and bottom ash were thoroughly mixed in a dry process. Then, water 

should be added to the dry mix and mixed properly in the wet mix process until the mix 

enough wet and safe for molding. It was difficult to calculate the precise volume of water 

needed to reach the optimum moisture content for compaction. The operator must determine 
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the optimum quantity of water using simple tests (e.g., the drop test, see quality control) and 

by experience (Rigassi, 1985). According to Ethiopian standards, the amount of water 

determination depends on the condition of soil and weather condition of the production site.  

The required water amount for the mixes was added in sprayed after the end of the dry mixing 

process. The water was added gradually until a smooth and homogeneous mix has been 

obtained. Mixing was continued until a homogeneous mix has been obtained. The time 

needed for manual or mechanized mixing depends on the mixing time required to obtain a 

perfectly homogeneous mix, this can be assessed by its uniform color and no streak should 

be visible in the mix. The homogeneity of the mix should be attained with a try mix and 

inspection of the experienced worker at the site and performing visual tests (ES 34896, 2009).   

 

Figure 3. 6 Sample raw material for mixing 

5.Molding or Pressing 

To produce interlocking compressed earth blocks model M7 82E (2005) (serial no. M7-05-

764) compressed earth block pressing machine was used. The mold lining was lightly oiled 

with used engine oil before the wet mix sample was poured into the mold with 

220mm*140mm*115mm. According to the Ethiopian standard of compressed earth blocks 

MSWI bottom ash 

soil 

Cement  
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(CEB) the most commonly employed full compressed earth blocks have the following 

theoretical molding dimensions and nominal dimensions for dry interlocking blocks Length: 

120-240mm, Width 140mm and Height 115mm, with linear mathematical tolerances 

dimensions of length +2 to -3mm, width +2mm to -3mm and height ± 3mm. Besides, the 

difference between the corresponding dimensions of interlocking compressed earth block of 

any kind from the same supply must not exceed 4 mm for the length, 3mm for the width and 

5 mm for the height (ES 3486, 2009). The dimension of the molding machine for this study 

was length 220mm width 140mm and height of 115 mm which fulfill the dimensional 

requirement of the Ethiopian standard of interlocking compressed earth block dimension 

(CEB type 3 with vertical plus horizontal indentation) or dry interlocking 140mm wall block 

specification. 

The press machine compresses the wet mixture by pumping the action of the side pump, 

shaping it into the interlocking compressed block with a compaction pressure of 15Mpa. 

According to the Ethiopian standard of CEB compression pressure were classified as follows; 

very low pressure1 to 2N/mm, low pressure:2 to 4 N/mm2, medium pressure 4 to 6 N/mm2, 

high pressure 6 to 10N/mm2, hyper pressure 10 to 20N/mm2 and mega pressure 20 N/mm2 

and over. When the compression pressure increases the strength and quality of the produced 

blocks increase but it should be noted that the highest compression pressures are not 

necessarily most efficient (ES 3486,2009). Compression pressure for this study was selected 

hyper pressure to get high compressive strength and to be optimal for the comparison of the 

cement block and the MSWI bottom ash block based on the standard and hydraform 

production manual (Hydraform, 2017 and 2013). The wet interlocking compressed earth 

block was then removed and put over base plates, and left to be cured in the shade. The 

pressed blocks were transported to a storage room, at a close distance to the pressing machine 

for the curing and drying process. 

6.Curing and Drying 

The curing phase was essential for the block’s future strength and durability. After molding 

the sample compressed earth blocks were sheltered from direct sun and wind and kept in 

conditions of relative humidity by covering them with plastic sheets. Block surfaces must not 

be allowed to dry out too quickly to avoid shrinkage cracks. In the first 7 days, the blocks 
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were watered, by sprinkling in the morning and at night twice a day and covered with plastic 

sheets. For the next 7 days, compressed earth blocks were cured only by covering plastic 

sheeting. After 14 days the blocks dry in the shelter without covering plastic sheets for 7 

days.  After 28 days there were no further significant increase in the strength of the cement 

and the blocks had been enough.   

3.6.5 Test on Sample Interlocking Compressed Earth Block 

The sample interlocking compressed earth block molded from FKT hydraform brick factory 

in Bishoftu (Debrezeyit). Whereas, laboratory experimental test for interlocking compressed 

earth block was done in Addis Ababa Science and Technology University (AASTU) in 

advanced construction material and geotechnical laboratory. The suitability of blocks for 

construction can be decided by making certain tests. This study covers the compressive 

strength, water absorption, bulk density and volume shrinkage test of interlocking 

compressed earth blocks.  

 

A. Compressive Strength of Interlocking Compressed Earth Block 

The compressive strength of interlocking compressed earth blocks (ICEB) was determined 

by using a compression testing machine. Compressive strength of the interlocking 

compressed earth block was done by placing the block in the compression testing machine, 

then apply load on it until breaks. The compressive strength test was computed according to 

the ASTM C 140, (1999) and ES 3499, (2009) standards. A compressive strength test was 

carried out to determine the load-bearing capacity of the interlocking compressed earth block 

for the 7th, 14th and 28th days.  

The weight of each block was recorded before the compressive strength test. The maximum 

failure load was recorded and divided by the cross-sectional area of blocks to determine 

compressive strength. According to the Ethiopian standard of compressed earth blocks the 

compressive strength of the dry and wet compressive strength in homogenous conditions 

greater than or equal to 2 N/mm2 and 1 N/mm2. The minimum average compressive strength 

using an effective area greater than or equal to 4.5Mpa for the average of 3 unit of sample 

blocks for ordinary compressed blocks for structural elements, which capable of withstanding 

water damage by vertical penetration (capillary rise, penetration by gravity, suction, or 

internal condensation) that can be used for external walls unprotected from a capillary rise, 
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internal walls unprotected from water leaking) (ES 3489, 2009). The compressive strength 

of the interlocking compressed blocks was calculated using the following formula as 

specified (ES 3499, 2009 and ASTM C 140,1999).  

𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑠𝑡𝑒𝑟𝑛𝑔ℎ𝑡(𝑀𝑃𝑎) =  
𝑚𝑎𝑥𝑖𝑚𝑖𝑚𝑢𝑚 𝑓𝑎𝑖𝑙𝑢𝑟𝑒 𝑙𝑜𝑎𝑑(𝐾𝑁)

𝐴𝑛  
 

Where: An is the average surface area of the test faces (mm2) (as the surfaces are not 

always regular, the common surface in contact is used) for compression test. 

 The maximum failure load was the maximum load applied to the compressive machine until 

the failure of the sample block occurred. Figure 3.6 below shows that compressive strength 

testing machine with sample compressed earth blocks.  

 

 

 

Figure 3. 7 Compressive strength test machine and sample 

B. Water absorption of compressed earth blocks 

The absorption of the interlocking compressed earth block was its capacity to absorb water 

through saturation. Water absorption of interlocking compressed soil blocks was the main 

cause of block deterioration. The rapid deterioration of compressed soil blocks was caused 

by high absorption of water and reduce block strength, which was more related to the porosity 

of the material. The durability of compressed earth blocks mainly affected by water 

absorption capacity (Kerali, 2000).  

Sample ICEB 

Compressive strength test machine 

Net contact surface for laoad  
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Water absorption test was performed on three interlocking compressed earth blocks from 

each mix proportion on the 28th day.  Interlocking compressed earth block was dried in an 

oven at 105°C for 24 hours according to ASTM C 140, (1999) and ES 3499, (2009) standards. 

The interlocking compressed earth block was then immersed in water for 24 hours in the 

laboratory. The water absorption rate was determined using the following formula: 

𝑤𝑎𝑡𝑒𝑟 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑡𝑖𝑜𝑛(%) =  
(𝑊2 − 𝑊1)

𝑊1 
∗ 100 

Where: W1= oven dry weight of sample hydraform brick. 

             W2 = Saturated weight of the sample hydraform brick specimen after 24 hours of 

submersion in cold water in the laboratory. 

According to the Ethiopian standard of CEB the water absorption percentage of sample 

blocks for ordinary compressed blocks for structural elements, which capable of 

withstanding water damage by vertical penetration (capillary rise, penetration by gravity, 

suction, or internal condensation) that can be used for external walls unprotected from the 

capillary rise, internal walls unprotected from water leaking through the roof) was less than 

or equal to fifteen percent of the dry weight (≤15%) (ES 3489, 2009). 

 

Figure 3. 8 Water absorption tests 

 

 

24 hours immersed ICEB 
ICEB after 24 hours    

ICEB in oven 
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C. Volume shrinkage  

Volume changes or shrinkages during the curing and drying process of the compressed earth 

block were done to determine the volume change difference (length, width and height) of the 

sample block. The volumetric shrinkage test was done by measuring the dimension (height, 

width and height) of the sample block during the 7th, 14th and 28th day and compare the 

volume of the block and mold volume. The result was calculated as follows: 

𝑣𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑠ℎ𝑟𝑖𝑛𝑘𝑎𝑔𝑒 (%)  =  
(𝑉𝑚 − 𝑉𝑏)

𝑉𝑚 
∗ 100 

Where: Vm = volume of mold (mm³) 

            Vb = volume of the block (mm³) 

D. Unit weight (bulk density of blocks)  

The density of compressed earth blocks was the changes in weight of blocks during the curing 

and drying process. Unit weight of interlocking compressed earth blocks was the ratio of the 

block weight to its volume in the 7th, 14th and 28th days. The unit weight differences of sample 

blocks were done by measuring the weight and all dimensions of the sample blocks. The 

result was calculated using the following formula below.   

𝑢𝑛𝑖𝑡 𝑤𝑒𝑖ℎ𝑔𝑡ℎ (𝑏𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦)(
𝑘𝑔

𝑚3
)  =  

𝑊(𝑘𝑔 

𝑉(𝑚3) 
 

where w = weight of sample block (kg) 

          V = volume of sample block(m³) 

3. 7 Method of Data Analysis  

Data results were analyzed using the tabular and graphical method to make it more 

understandable as required. The statistical mean values were used to get the average value of 

laboratory results. In order to, detect and quantify the decrease and increase patterns of the 

measured properties, percentage increase and decrease are used to discuss results. The 

optimum values were selected from the tabular or graphic illustrations and compared with 

the applicable standard. 
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4. RESULTS AND DISCUSSIONS 

4.1 Introduction  

This chapter includes the results of the laboratory tests and their discussion. The general 

suitability of soil properties for compressed earth blocks and the properties of MSWI bottom 

ash has been explained. Also, the mechanical property test result of interlocking compressed 

earth blocks has been explained in this chapter. The laboratory tests were done in Addis 

Ababa science and technology university advanced construction material and geotechnical 

laboratories. The chemical composition of soil and MSWI bottom ash were examined in the 

Ethiopian geological survey geochemical laboratories.    

4.2 Properties of Materials   

4.2.1 Chemical Composition of MSWI Bottom Ash 

According to the geological survey of Ethiopian geochemical laboratory result, the chemical 

composition of MSWI bottom ash was determined by the method of AAS. The result of the 

main oxides in present in the MSWI bottom ash were SiO2, Al2O3, Fe2O3, CaO, MgO, Na2O, 

K2O, MnO, P2O5, TiO, H2O, and LOI. The results are shown in the percentage of the mass 

shown in Table 4.1 below. 

Table 4. 1 Chemical composition of MSWI bottom ash (%) 

Chemical 

oxides 

Si2O Al2O3 Fe2O3 CaO MgO Na 2O K 2O MnO P 2O5 TiO2 H 2O LOI 

Composi

tion (%)  

45.50 9.81 9.42 17.9

4 

2.32 3.94 2.56 0.22 3.95 0.40 0.31 3.8

2 

 

According to a geological survey of Ethiopian geochemical laboratory investigation, the 

chemical composition of incinerated bottom ash had chemical oxides that were similar to 

those found in OPC cement. As shown in Table 4.1 the percentage composition of SiO2 was 

45.50%, which was higher than that of OPC cement from 17-25 percent of SiO2 content. 

Which affects the consistency and workability of the blended mortar pastes. Furthermore, 

excessive SiO2 slows the setting time of pastes, while sufficient silica forms Di and Tri 

silicate compounds in cement paste. Alumina (Al2O3) was 9.81%, which responsible for the 

quick setting of bottom ash paste. The amount of alumina in MSWI bottom ash was slightly 

excessive than OPC cement, resulting in lower strength of MSWI bottom ash paste.  The 

amount of Fe2O3 was 9.42% in bottom ash higher than OPC Fe2O3 content range from 
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0.5percent to 6 percent, which leads to high ingredient fusion during mix preparation for 

compressed earth block and also strength and hardness to bottom ash. The CaO amount in 

bottom ash was 17.94 percent, which was less than the cement CaO range of 60-65 percent, 

which reduces the strength and slow setting time of the bottom ash paste. The bottom ash 

composition of MgO was 2.32 percent, which was similar to the cement MgO range in 0.5-

4% percent. MgO was responsible for the hardness of the blended MSWI bottom ash and 

cement paste. The alkaline compounds Na2O with 3.92% and K2O with 2.56% in MSWI 

bottom ash were excess than cement.  A high amount of alkaline responsible for efflorescence 

and cracks for the compressed earth block. MnO with 0.22 percent amount was present in 

the MSWI bottom ash was lower than OPC MnO up 6 percent, which adversely affects the 

early strength of cement and MSWI bottom ash paste.  

The chemical composition of MSWI bottom ash was similar to that of soil for composition 

with a variety of percentages. Silica (SiO2) content in earthen blocks reduces shrinkage and 

responsible for the strength, hardness and durability (long life) of blocks. The result of MSWI 

bottom has SiO2 was 45.50 percent, which was responsible for the plasticity of the mud to 

molded easily, dry without cracks and avoid more shrinkage. MSWI bottom ash had 

9.81percent Al2O3 which generates reactions to the formation of cementing agents with silica 

and calcium oxides. Lime (CaO) acts as a binding agent for the particles of clay and silica 

that increase their strength and the CaO in bottom ash help to bind the soil particles.  

 

According to different researchers, the compositions and oxides of the MSWI bottom ash 

were different due to, input waste composition and seasonal variation of composition. 

According to Gao et al (2017), the chemical composition of MSWI bottom ash had the 

following; SiO2(16.22%), Al2O3(12.037%), Fe2O3(9.313%), CaO(43.115%), MgO(2.116%), 

Na2O(2.359%), K2O(0.848%), MnO( 0.196%), P2O5(2.65%) and TiO(2.625%), these shows 

ash the calcium oxides has high amount as compared to other oxides which are act as a 

binding agent.  According to Wei et al., (2011), the chemical component of MSWI bottom 

ash were SiO2(46.8%), Al2O3(9.8%), Fe2O3(4.3%), CaO(18.16%), MgO(2.9%), 

Na2O(4.05%), K2O(1.0%), MnO(0.3%), P2O5(1.2%), TiO(0.7%) and LOI(7.1%). Also, 

chemical oxides of MSWI bottom ash as specified by Joseph were SiO2(29.7%), Al 2O3 

(7.77%), Fe2O3(9.09%), CaO (26.35%), MgO (1.58%), Na2O (2.60%), K2O (1.12%), MnO 
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(0.13%), P2O5(4.33%), TiO (1.42%) and LOI (9.30%). These results indicate that the 

chemical composition of MWSI bottom ash has a different percentage of elements, which 

was due to the incineration system configuration(design), input waste composition, and 

seasonal variation(Wei et al., 2011). Generally, the above findings suggest that the 

composition of MSWI ash varies depending on the input waste, type of incinerator and 

process parameters.  

 4.2.2 Physical Properties of MSWI Bottom Ash 

A. Specific gravity (relative density) of MSWI bottom ash  

The specific gravity of MSWI bottom ash was 2.27 g/cm3, which was lower than cement. 

This indicates the sample ground into less fine powder than cement during its production and 

the MSWI bottom ash has fewer moisture contents than cement. Specific gravity was 

measured to see whether the MSWI bottom ah sinking in the water or not during mixing. 

Specific gravity is the ratio of the density of a material to the density of the kerosene. The 

specific gravity of MSWI bottom ash was 2.27 was fairly less dense than ordinary Portland 

cement and contains high void space than cement. 

B. Fineness, Consistency and Setting Time of MSWI bottom ash and cement  

The fineness, consistency and setting time of MSWI bottom ash and cement were done 

accordingly with their respective percentage mix proportions as shown in Table 4.2 below. 

Detailed results and their calculation have been shown in Appendix C. 

Table 4. 2 Fineness, consistency and setting time 

Cement 

paste-type  
 

Fineness 

(%) 

Normal 

consistency (%)  
Initial setting 

time (minute) 

Final 

setting(minute) 

OPC cement  
95.8 27 45 490 

MSWI 

bottom ash 

90.0 
33 87.5 630 

MBA2  
94.1 28 57.5 520 

MBA4 
92.9 29 66.25 560 

MBA6 
91.8 30 75 590 

MBA8 

90.9 

32 80 610 
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C. Fineness Tests Bottom Ash and Cement  

The fineness of the bottom ash and cement with their different percentages of the mix design 

test was obtained from the laboratory. The percentage fineness of cement has a significant 

effect on the behavior of the blended cement paste during the hydration reaction. The 

hydration rate increases when the fineness of the cement increases, which means that it has 

a direct effect on the hydration reaction. The average percentage of fineness of the MSWI 

bottom ash as shown in the above Table 4.2 was 90.0% and the OPC cement was 95.8 

percent. This indicates the fineness of MSWI bottom ash lower than OPC Dangote cement, 

which leads to the hydration reaction during the production of blocks was less due to its 

fineness.  

From Table 4.2 the fineness of MSWI bottom ash, cement with its combined percentages 

used in the mix preparation was above the ASTM standard requirement for cement fineness 

(more than 90% was acceptable), which indicates that MSWI bottom can be used as cement 

for production of compressed earth block (ASTM C150-1999). The hydration reaction of 

cement and MSWI bottom ash occurs on the surface of cement and bottom ash particles. 

Further hydration was hindered by the formation of the chemical reaction of block products.  

Generally, the fineness of MSWI bottom ash and cement was above the acceptable standard 

specification, which leads to fast hydration of the mortar pastes during compressed earth 

block production and increases the rate of strength gain. Finer particles are more hydrated 

than coarser particles. In general, from Table 4.2 percentage fineness of cement higher than 

MSWI bottom ash, which shows that cement hydrates faster than bottom ash. The percentage 

of adding MSWI bottom ash for production of compressed earth blocks increases the 

hardened and strength of the block’s decrees and low collision of particles in the product. 

The detailed test results were shown in Appendix B. 

D. Consistency of Bottom Ash and Cement   

A normal consistency test was carried out to determine the amount of water required to 

prepare a standard cement paste by V cat apparatus according to ASTM C 187, (1998), which 

measured the resistance of paste to the needle penetration released at the surface of the paste 
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at certain water content. The normal consistency of MSWI bottom ash was 33% and cement 

was 27% as shown in Table 4.2 above. This shows that due to the fineness of bottom ash 

particles the amount of water requirement was high to form past. When the coarser particles 

water requirement was high to form a paste. The percentage addition of bottom was increased 

to cement the consistency was increased as shown above in Table 4.3. This indicates that 

more water was required for the production of interlocking compressed earth blocks. But, 

when the amount of water high in the mix compressed earth blocks volumetric shrinkage was 

increased and apparent density decreased. Generally,  according to Abebe, (2002), the normal 

consistency of hydraulic cement was the range between 26%and 33%, the consistency of 

MSWI bottom ash as shown in Table 4.3 was acceptable. The detailed laboratory test results 

were shown below in Appendix B. 

 

E. Initial and final setting time of bottom ash and cement pastes  

The initial setting time of MSWI bottom ash and cement indicates the time needed to lose its 

plasticity and stiffness with normal consistency paste whereas, the final setting time was the 

hardening of paste to sustain minor load at the point. Table 4.2 show that the initial setting 

time of MSWI bottom ash was 88 minutes but the initial setting time of cement was 45 

minutes. This due to the chemical composition of MSWI bottom ash SiO2 was excess this 

slow the initial setting time and the formation of Di and Tri silicates compounds were slow. 

And also, the water requirement for consistency paste has a high effect on the initial setting 

time. The percentage of CaO low in MSWI bottom ash than cement this compound slow the 

setting time of the bottom ash paste. From the above Table 4.3 the setting time was slow 

when the amount of MSWI bottom ash increased. The content of MSWI bottom ash in the 

mix increased the hydration process was slow because of the slow setting time of bottom ash. 

The standard specifies that the initial setting time should be more than 45 minutes and less 

than 375 minutes while the final setting time to be less than 10 hours (ASTM C 150-1999). 

This study result was in the acceptable range according to the standard. The detailed 

laboratory test result and procedures are shown in Appendix B below. 
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 The combined effect of fineness normal consistency and initial and final setting time 

Figure 4. 1 Fineness normal consistency and initial and final setting time 

4.2.3 Chemical Composition of soil. 

According to the geological survey of Ethiopian geochemical laboratory investigation, the 

major and minor chemical composition and oxide elements of soil samples were determined 

from the total soil samples by analytical methods LiBO2, FUSION, HF attack, Gravimetric, 

Colorimetric, and AAS (Automatic absorption spectrometry) method. According to 

laboratory results, the main oxides present in the soil samples were SiO2, Al2O3, Fe2O3, CaO, 

MgO, Na2O, K2O, MnO, P2O5, TiO, and H2O. The results are given in percentage of mass in 

Table 4.3 below. 

Table 4. 3 Chemical composition of the soil (%) 

Chemic

al 

oxides 

Si2O Al2O3 Fe 2O3 CaO MgO Na 2O K2O MnO P 2O5 TiO2 H2

O 

LOI 

Comp

osition 

(%)  

60.00 16.15 6.04 2.02 0.38 2.04 3.44 0.28 0.07 0.05 5.0

2 

3.5

4 

The chemical components present in soil and their amount in percentage were expressed in 

above Table 4.3. From the table, the chemical content of Si2O was 60.00%, which indicates 

the soil had high quartz (sand) content. Silica content in soil increases the hydration reaction 

with alumina in stabilizers to form cementing agent. The higher the silica contents in the soil 
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makes the soil more active and better reactive with cement and bottom ash. Almina (Al2O3) 

was 16.15 percent and iron oxide (Fe2O3) was 6.04%, those play a great role to measure 

aggregate stability and clay dispersion in stabilizing soil blocks. Alumina and iron oxides in 

soil affected the soil's physical properties, increase collective stability, porosity, permeability 

and hydraulic conductivity, reduce swelling and clay dispersion and bulk density of 

interlocking compressed earth blocks. Al2O3 from soil reacts with CaO in cement, lime, 

bottom ash and water. The presence of calcium oxides (CaO) produces calcium silicates and 

calcium aluminates by creating a reaction with fine silica and alumina, which have cementing 

properties and increase the load-carrying capacity of the soil. When the soil was wet calcium 

oxides ion absorb water for hydration. Generally, soil properties control the production result 

of compressed earth blocks for a given sufficient amount of cement and MSWI bottom ash 

in the mix.  

4.2.4 Physical Properties of Soil  

A. Particle size analysis of soil  

The particle(grain) size was analyzed to derive the size distribution of soil parts and examined 

using series of sieve sizes. The following logarithmic plot graph (Figure 4.2) shows the 

different size particle distribution of sample soil which was done on the combined sieve size 

gradation and hydrometer analysis of fine size fractions. The detailed raw data of the test 

results were given in appendix B. This logarithmic plot graph indicates the soil particle 

grading into discrete parts. The amount of fine Gravel 3%, Sand 64%, Silt content 16% and 

Clay17% as shown in Figure 4.2, which shows that the soil was sandy with slight silt and 

clay content. This result shows that the soil sample was sandier than clay and silt(fine). The 

largest size particles must have small enough to get a smooth surface finish and sand fraction 

gives a more densely packed load-bearing brick. The sand portion of the soil gives ultimate 

strength for block binding with cement and MSWI bottom ash. On the other hand, fine 

particles provide cohesion to the fresh blocks which prevent damage during removal from 

mold and transportation to the curing area. Clay keeps the block together and makes it easy 

to carry during construction. According to Montgomery, (2002) the range of gradational size 

of soil that was suitable for the production of stabilized compressed blocks was in the 

following ranges sand / fine gravel (40-75%), silt (10-30%), and clay(15-30%) as he 

specified the soil sample for this study was within the ranges, which was suitable for the 
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production of interlocking compressed earth blocks. According to the interlocking hydraform 

manual and Ethiopian standard of CEB specification the silt, clay and sand content within 

the specified range clay (10-20%) and sand (50-75%). Soil sample within the specified range 

criteria used to avoid the soil sample too much fine or high content requires a high number 

of stabilizers and sand were need blended with soil and make the block shrink and crack 

during curing and reduce the strength and durability of the final product blocks. Barely clay 

amount in the soil mix also makes it difficult to handle the compressed blocks.  

 

Figure 4. 2 Grain size analysis of soil 

Generally, the particle size analysis gave information on the soil's ability to pack into a dense 

structure and the number of fines present (combined silt and clay fraction), while the 

plasticity index gives an idea of the cohesion of the fines. The granular size distribution curve 

of the soil was filled in the range between the upper and lower limit boundary as shown in 

Figure 4.3 below. When the soil's granular composition was falling in between the upper and 

lower recommended value, which gave a satisfactory result for the production of bricks or 

blocks (ES 3495, 2009). Generally, the result of the sample soil particles cure of the 

percentage pass versus the diameters of the particle was within the range of the recommended 

shaded area for the production of compressed earth blocks. 
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Figure 4. 3 Particle size criteria according to ES 

B.  Atterberg limits Test of soil  

The liquid limit (LL) was the water content in percent, at which a part of the soil in a standard 

cup and cut by a groove of standard dimensions was flow together at the base of the groove 

for a distance of 13 mm when subjected to 25 numbers of blows. As shown in Figure 4.4 the 

liquid limit of the sample soil was 27.44% which was the moisture content that defines where 

the soil changes from a plastic to a viscous fluid state. The detailed laboratory test result was 

shown in Appendix B. The liquid limit chart as shown in Figure 4.4 was drawn from the 

linear Atterberg limit versus the number of blows, which shows the liquid limit result at the 

25 number of blows. Atterberg values were scattered points due to this reason linear 

Atterberg limit line was drawn on the chart to determine the liquid limit.  
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Figure 4. 4 Liquid limit test chart 

According to the laboratory results of the soil, the Atterberg limits values were shown below 

Table 4.4. 

Table 4. 4 Atterberg limit values 

Atterberg limits 

Test no. Values 

Liquid limit 27.44 

plastic limit 20.20 

plastic index 7.24 

  

The plastic limit was 20.20 percent amount of water content in which soil was the change 

from a plastic state to a solid-state. Whereas plastic index is the difference between the liquid 

limit and plastic limit in number, which gives the amount of water content that soil considered 

as plastic.  According to the hydraform production manuals, the plastic index was one of the 

selection criteria of soil suitability for compressed earth blocks. Plastic index value within 

the range (5-10) classifieds low plastic (Hydraform, 2017). Plastic index (7.244) as shown in 

the above Table 4.4 classify as low plastic soil, which shows the amount of water content 

that soils exhibit the plastic properties.  
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According to Ethiopian standard of soil suitability criteria for compressed earth blocks 

plasticity of soil values was in the recommended upper and lower regen as shown in the 

plasticity diagram (Figure 4.5) below. Therefore, the sample soil was considered suitable for 

the production interlocking compressed earth blocks (ES 3495,2009). 

 

Figure 4. 5 Plasticity diagram 

According to Rigassi, (1985) the plasticity of soils also defines the extent to which a soil can 

be distorted without any significant elastic reaction, typically cracking or crumbling, 

occurring and limits of different states of consistency. The sensitivity of soil to various 

humidity defines with Joining LL and PL. The plasticity diagram of soils can be showing 

plastic properties such as sandy (PI from 1 to 10; LL from 0 to 30), silty (PI from 5 to 25; LL 

from 20 to 50) and clay (PI > 20; LL > 40). The soil for this study was sandy soil according 

to the above classification.  

Generally, soils with a low plastic index had low cohesion and expansion on the wetting of 

the soil mix. The soil for study was fulfill the required criteria for plasticity. Therefore, the 

sample soil was suitable for the production of interlocking compressed earth blocks. 
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C.  Specific Gravity of Soil  

The specific gravity of soil was detrimental to know the weight of soils according to the 

weight of water using a pycnometer at a certain stated temperature. The specific gravity of 

the soil sample was 2.64.  The detailed results were shown below Appendix B. 

D.  Natural Moisture Content of Soil  

The natural moisture content of soil was determined to measure the amount of moisture in 

the soil that preprepared for a mix. The natural moisture content of the sample soil was 4.7 

percent. According to the Ethiopian standard of compressed earth blocks the soil for mix 

should have water content should be dry (water content <5) with the specified grain size not 

excess of 10mm (ideally 5mm) and recommended zones of texture (ES 3495, 2009). the 

laboratory result of normal moisture content was within the range of recommended values 

(4.7%<5%). This shows that soil was enough dry for the mix to measure the optimal amount 

of water percentage added for the production of compressed earth blocks the detailed result 

was shown below in Appendix B.   

E. Linear Shrinkage of Soil 

The linear shrinkage test of soil was the measure of the longitudinal dimension differences 

of the soil after dry in the oven. The laboratory result of linear shrinkage was 8%(12mm) this 

shows that soil does not change more shrink after dry. According to the compressed earth 

blocks production manual the ideal above 10mm and not more than 60mm. Linear shrinkage 

less than 10mm meant the soil was sandy which leads to handling difficulty in block making 

process. Soils that have above 60mm are too much clay which needs additional and to 

stabilize or rejected according to hydraform, (2013). The detailed laboratory test results for 

linear shrinkage shown in Appendix B.   

4.3 Interlocking Compressed Earth Block Test 

Interlocking compressed earth blocks mechanical behavioral tests necessary to examine the 

properties of a material such as strength, water absorption, apparent density and volume 

shrinkage during the curing and drying process to observe the performance of the blocks. 

The properties of interlocking compressed earth blocks depended on the consistent 

ingredients used in the production process. This study examined the compressive strength, 

water absorption, shrinkage and bulk density of blocks. The consistent material properties 
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affect the overall property and performance of produced interlocking compressed earth 

blocks. Moreover, stabilizing agents had a great effect on the properties of the compressed 

earth block's performance and applicability for the construction industry.  

4.3.1 Compressive Strength of Compressed Earth Blocks  

The average compressive strength of the three samples of the 7th day, 14th day and 28th day 

dry interlocking compressed earth blocks within the different mix proportion of stabilizing 

agents were presented in the following Figure 4.6 below and the detailed result was shown 

in Appendix C.             

The compressive strength of blocks was affected by the addition of MSWI bottom ash as 

shown in the figure4.5 below. The compressive strength of compressed earth blocks more 

affected by high amount of MSWI bottom ash added to the mix. As shown the Figure 4.6 

below MBA0 mix had large values compared to the other mix proportions for the given 

constant compaction pressure. This was due to cement gel deposits between soil particles 

and binds together, which increase the strength of compressed earth blocks. However, the 

hydration reaction of the MSWI bottom ash to form a gel around soil particles was less due 

to the chemical composition and fineness of the ash.  

The results also show that block strength in the 7th day and 14th day was too low as compared 

to 28th day strength for the 10%, 15%and 20%increament of MSWI bottom ash in the mix. 

Since MSWI bottom ash had less early strength achievement than cement due to high SiO2 

content and lower hardened time of the soil blocks.  The amount of CaO in the ash was also 

low, which gave low early strength to the compressed earth blocks. Also, the excess amount 

of Al2O3 and low content of MnO in the bottom ash lower the early strength of the 

compressed earth blocks. 
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Figure 4. 6  Compressive strength of ICEB 

Compressive strength of blocks as shown in Figure 4.6 above for mix MBA0 was increased 

by 40.7 percent from 7th day to 14th day. The 14th day compressive strength of the MBA2 

mix was increased by 40.8 percent of the 7th day strength. This shows that there was a slight 

increase in strength between the 7th and 14th days. This increase in strength continues to 

MBA6 as compared to the MBA0 mix. However, the increase in strength from the 7th day 

to the 14th day for MBA8 up to MBA20 mixes were decreased as compared to MBA0.  

For the MBA2 mix, the 14th day compressive strength was increased by 40.8% of the 7th day 

strength.  This shows that there was a slight increment of strength between 7th day and 14th 

days. This increment of strength continues up to MBA6 compared with the MBA0 mix. 

However, the strength increment from 7th day to 14th day for MBA8 up to MBA20 mixes 

was decreased as compared to MBA0 than the other mix proportions. These indicate the 

addition of bottom ash increased compressed earth block strength gained was decreased with 

in the first 14th days. The hardness of compressed earth blocks has been decreased due to 

increased amount of bottom ash.  
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The compressive strength of compressed blocks increased greatly from 14th day to 28th day, 

as shown in Figure 4.5 above for all mixes. The strength of the MBA0 was increased by 58.2 

percent from 14th day to 28th day, which shows that the strength of the compressed earth 

blocks was higher than in the first 14th days. The 28th day compressive strength of MBA6 

increased by 93% of the 14th day strength. However, the 28th day strength increased by 5.5 

times the 14th day strength of the MBA20 mix as shown in Figure 4.6 above. This indicates 

that the strength of compressed earth blocks with bottom ash was more attained on the 28th 

day. The 28th day compressive strength increased more when the amount of MSWI bottom 

ash increased, but in the first 14th day strength was decreased when the amount of bottom ash 

increased. The early strength of compressed earth blocks low when the amount of bottom 

ash increased. But lateral strength compressed earth blocks were higher when the amount of 

bottom ash increased this indicates MSWI bottom ash compressed earth blocks curing time 

was less than cement stabilized earth blocks. 

 

Generally, the 28th day compressive strength of the first seven mix proportions was above 

the minimum requirement of Ethiopian standard for compressed earth block mean 

compressive strength of 4.5 Mpa (ES 3489, 2009). But, the compressive strength of the 7th 

and 14th days was low above the MBA8 mix proportion. According to Abdulkadir, (2015) 

studies on the production possibility of compressed earth (hydraform) block as walling 

material for affordable housing with varying cement stabilization from 6%up to 10% within 

the constant compression pressure of 10 Mpa. The 28th day compressive strength of 10 

percent cement was maximum (4.63 Mpa strength), although, all the blocks above 6 percent 

cement stabilization values were above the recommended standard of wet compressive 

strength of compressed earth blocks. Also, Asmamaw, (2007) examined the effect of cement 

stabilization on the cement stabilized soil blocks as alternative wall materials with different 

proportions of cement from 6%up 12% with 2% increments. As the result of his study, 10 

percent cement and 12 percent cement stabilization had high compressive strength. 

Generally, the stabilization using 10 percent cement had a high strength compared to the use 

of MSWI bottom ash, but according to the cost of cement and environmental perspective, 

using MSWI bottom ash up to 6 percent with 4 percent cement was necessary to meet the 

minimum strength requirement. In addition, the use of this waste as building material helps 
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to minimize the environmental and groundwater pollution of the damp site and minimize the 

cost of cement. 

 

4.3.1.1 Relative Percentage Difference of Compressive Strength  

The relative percentage differences for the 7th, 14th and 28th days of compressive strength for 

interlocking compressed earth blocks show the percentage decrease of the block relative to 

the 10 percent cement stabilized (MBA0 mix). Relative percentage differences analysis of 

the effect of municipal solid waste incineration ash on compressed earth blocks of 

compressive strength within 7th, 14th and 28th days as compared to the market applicable and 

commonly used cement stabilized soil blocks (MBAO). Figure 4.7 below shows the relative 

difference in the compressive strength of the blocks for the different mixes.   

The 7th day compressive strength of the interlocking compressed earth blocks decreases from 

MBA0 to MBA20 as shown in Figure 4.7 below. The compressive strength of MBA2 was 

slightly different by 0.76 percent from that of MBA0, which shows that when adding MSWI 

bottom ash up to 2 percent the compressive strength of the blocks does not affect more. 

However, the amount of MSWI bottom ash increased to 20 percent (MBA20) compressive 

strength of the compressed earth blocks decreased by 84.35 percent difference relative to 

MBA0, this indicates the amount of bottom ash increased the strength of compressed earth 

blocks was low for the first 7th day as relative to MBA0.  

The compressive strength of interlocking compressed blocks on the first 14th day as shown 

in Figure 4.7 below has a high variation when the amount of MSWI bottom ash increased 

relative to 10% of the cement blocks (MBA0). The 14th-day relative difference between the 

MBA0 and MBA2 mix numbers was 0.65 percent. This means that bottom ash up to 2% in 

compressed earth blocks has almost the same compressive strength as MBA0 in the first 14 

days. However, the amount of bottom ash increased to 20 percent (MBA20) the relative 

percentage difference was 85.08 percent on the 14th days. These show the amount of bottom 

ash increased in compressed earth blocks the attainment of strength in the 14th days was low 

relative to the (MBA0).  
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Figure 4. 7 Relative percentage difference of the compressive strength 

 

The relative difference in compressive strength of the 28th day between MBA0 and MBA2 

was 4.80 percent as shown in Figure 4.7 above. This indicates that the relative differences 

between these two mixes were high compared to the 7th and 14th days and the strength 

attainment for cement compressed earth blocks was higher than bottom ash added blocks. 

However, the percentage relative difference of MBA20 was 38.00 percent, which was low 

compared to the 7th and 14th day relative differences, which showed that the strength gain of 

the MBA20 blocks on the 28th day was high.  

Generally, from the above Figure 4.7 the percentage of MSWI bottom ash increased in the 

interlocking compressed earth blocks its compressive strength attainment was higher on 28th 

day than the first 14th day. This shows that MSWI bottom ash early strength was low, but the 

later strength was higher as the age curing and drying blocks increased.  

 

4.3.2 Bulk Density of Compressed Earth Blocks 

The unit weight of the interlocking compressed earth blocks was the ratio of its mass to its 

volume on the 7th, 14th and 28th days of the curing and drying process. Figure 4.8 below 

shows the unit weight or bulk weight of the interlocking stabilized compressed earth blocks 
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14th day relative %  difference(%) 0 0.65 12.05 36.46 54.91 78.24 81.44 85.08

28th day relative %  difference(%) 0 4.80 13.47 22.39 25.89 30.36 34.96 38.00
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in 7th, 14th and 28th days. Figure 4.8 below shows the unit weight of the compressed earth 

blocks, which was affected by the amount of MSWI of the bottom ash added to the mix. The 

unit weight of the interlocking compressed earth blocks decreased smoothly when the 

amount of MSWI bottom ash increased. This was due to its specific weight (gravity) of 

bottom ash which was lower than cement and soil. 

 

Figure 4. 8 Bulk density of interlocking compressed earth blocks 

The unit weight of the interlocking compressed earth blocks as shown in Figure 4.8 above 

the 14th day unit weight was 1.88 percent lower than the 7th day. The unit weight of the 28th 

day decreases by 5.01 percent compared to the unit weight of the 7th day for the first MBA0 

mix. Whereas the amount of MSWI bottom ash was increased the unit weight of interlocking 

compressed earth blocks was decreased in a small difference range for the rest mixes from 

7th day to 14th day. The 7th day unit weight of MBA2 was 5.14 percent lighter than MBA0, 

which indicates the amount of bottom ash increase the unit weight of the interlocking 

compressed earth blocks was decreased. Since, the weight and the specific gravity of the 

bottom ash were lighter than the cement. The amount of bottom ash increased to 20% 

(MBA20) the unit weight of the blocks decreased by 15.70 percent compared to the MBA0. 
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Generally, the addition of MSWI bottom ash reduces the unit weight of interlocking 

compressed earth blocks, one drawback of the compressed blocks being heavy weight. 

Therefore, the use of bottom ash used to reduce the unit weight of the blocks and the weight 

of the wall also decreases, which helps to build above one-story buildings. 

 

4.3.3 Volumetric Shrinkage of Interlocking Compressed Earth Block 

Volume change or shrinkage occurred during the dry and curing processes of compressed 

earth blocks. The volume shrinkage of the earth block was shown in Figure 4.9 below within 

the first 7th, 14th and 28th days. The tabulated result of volumetric shrinkage for the 

interlocking of compressed earth blocks was shown in Appendix C. As the amount of the 

bottom ash ratio increased the volume shrinkage was increased, which means that there has 

been a significant volume change. In the first mixing ratio MBA0, the volume shrinkage was 

low, while the amount of bottom ash increased in compressed earth blocks the volume of 

shrinkage was increased. On the other hand, the curing time of blocks increased from 7th day 

to 28th day, the relative percentage shrinkage difference was increased with respect to their 

mixing ratio. 

As shown in Figure 4.9 below the 7th day volumetric change for MBA0 was high with a 

volume shrinkage of 6.43% relative to the mold volume. However, on the same day, the 

volume change for MBA20 was low with shrinkage in volume of 5.47 percent relative to the 

mold volume. This shows that when the amount of MSWI bottom ash increased, the 

volumetric shrinkage decreased on the first 7th day because the drying and curing process of 

the blocks was low. While the mix MBA0 volume shrinkage was high this was due to the 

drying process of cement was high relative to MSWI bottom ash.  
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Figure 4. 9 Volume shrinkage of ICEB 

As shown in Figure 4.9 above, the 14th day volumetric change for MBA0 was low with a 

shrinkage volume difference of 7.26% relative to the volume of the mold. But for the next 

mixes, the amount of bottom ash increased the volumetric shrinkage also increased slightly. 

However, on the same day, the volume shrinkage for MBA20 was 9.65 percent relative to 

the mold volume. This shows that when the amount of MSWI bottom ash increased the 

volumetric shrinkage on the first 14th day and the drying process of the blocks was fast 

relative to the first 7th day, which shrinks the blocks more as compared to MBA0. 

The 28th day volumetric change as shown in Figure 4.9 above for MBA0 was low with a 

volume shrinkage of 9.60% relative to the mold volume. The shrinkage was low as compared 

to another mix on the same day. However, on the 28th day volume change for MBA20 was 

high with relative volume shrinkage by 18.23%. This shows that when the amount of MSWI 

bottom ash increase the volumetric shrinkage within the 28th day increased due to the high 

drying process of blocks.  

The volumetric shrinkage of the MBA0 mixture was 6.43 percent on the 7th day and 9.60 

percent on the 28th day, which shows that there was a slightly low shrinkage difference. 

Moreover, when the amount of MSWI bottom ash was increased to 20 percent (MBA20), the 
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volumetric shrinkage on the 7th day was 5.47 percent and on the 28th day 18.23 percent. This 

shows that compressed earth blocks shrink more when the amount of bottom ash increased. 

Generally, high volumetric shrinkage was not recommended for wall construction. Shrinkage 

was the contraction of a block sample during drying and curing processes. It governs the 

overall idea of mixed behavior and fitness for construction. The shrinkage or change in 

volume depends on the ingredients of the mix in compressed blocks. When the amount of 

the bottom ash was increased, the volume shrinkage of compressed blocks was increased. 

Compaction and the amount of water added during mixing also affect the volume shrinkage 

of blocks. When the amount of water added was increased, the shrinkage value also 

increased. Due to the drying process, the evaporated water creates openings (voids) between 

particles, which results in shrinkage to fill the openings. Compaction was removing the air 

from blocks and fills the gap between particles. Proper compaction in blocks results in a 

dense structure, stronger and more durable by reducing shrinkage cracks. In general, during 

the production of stabilized interlocking compressed earth blocks, shrinkage must be 

considered.  

4.3.4 Water Absorption of Interlocking Compressed Earth Blocks 

Water absorption test results of compressed earth blocks measured the water absorption 

capacity of blocks. The mean water absorption result of the MSWI bottom ash and cement 

blocks was shown in Figure 4.10 below. The result of Figure 4.10 shows the effect of the 

MSWI bottom ash content on the water absorption capacity of the blocks. Detailed test 

results have been tabulated in Appendix C. 
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Figure 4. 10 Water absorption test result 

The water absorption test results in the above Figure 4.10 show the amount of bottom ash 

was increased the water absorption capacity of the block also increased. According to the 

tabulated results in Appendix C and Figure 4.10 above, mean water absorption values for the 

various sample testes ranged from 11.99 % for the MBA0 to 24.81% for the MBA20 mix 

samples. Doubling the bottom ash content from 0 to 2 percent increased the mean water 

absorption capacity of the blocks by 1.7 percent compared to the first MBA0 mix. A further 

doubling of the cement content from 2% to 4% was projected to increase the mean water 

absorption by 12.7percent. However, the amount of bottom ash increased to 20 percent 

(MBA20), the result of the water absorption test was increased significantly compared to the 

MBA0 mix. This indicates that the addition of bottom ash and the absorption of water has a 

direct relationship. When the amount of bottom ash was increased, the water absorption 

capacity of the compressed earth blocks was increased. 

Generally, the water absorption test aimed to determine the percentage moisture absorption 

capacity of the blocks. The recommended maximum water absorption value for blocks 

according to different literature and Ethiopian standard of CEB was below 15% ( Chew, 2012 

and  Kerali, 2000). Therefore, the amount of MSWI bottom up to MBA6 mix sample was 
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within the recommended limit of water absorption values. But, further increases in the 

amount of bottom ash were above the recommended limit (15%). 

Compressed earth blocks can access water in the case of rainwater infiltration or suction from 

a wet surface, or in the vapor phase in the case of condensation or absorption. The water 

content of the wall was determined not only by its contact with water sources but also by its 

water vapor balance. Since the block undergoes a seasonal cycle with a maximum water 

content during the rainy season and minimum water content during the dry season. Such 

cycles create difficulty in analyzing the moisture balance for compressed earth blocks. 

Therefore, remedial steps such as painting and varnishing the surface of the wall to minimize 

moisture absorption of compressed soil blocks. One of the basic principles of soil 

stabilization was to prevent water attacks in order to obtain a durable material. Earth blocks 

were durable when not saturated. The problems of durability arise when the block was 

exposed to saturation and wet conditions. The amount and type of stabilizer and soil type 

used were the main factors affecting the water absorption of compressed stabilized soil 

blocks. The general objectives of stabilizers were to reduce the volume of internal voids, fill 

empty voids, and improve bonding between the soil particles. In this way, improved 

mechanical properties, reduced porosity, limited dimensional changes and increased 

resistance to normal and severe exposure conditions were achieved by different types of 

stabilizers used for different soil types. And also, the particle size distribution of the soil 

particles and the origin of the soil affect the water absorption capacity of the blocks. Soil 

containing a lot of organic particles results in higher block water absorption.  

 

4.3.5 Relationship Between Compressive Strength and Water Absorption 

The relationship between compressive strength and water absorption of interlocking 

compressed earth blocks for 28th day compressive strength was plotted versus 28th day water 

absorption as shown in Figure 4.11 below. The detailed tabulated result was shown in 

Appendix C.  
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Figure 4. 11 Relationship between compressive strength and water absorption 

For the hardened interlocking stabilized compressed earth blocks, one of the factors that 

affected the strength was the pore structure that ultimately affected water absorption 

properties. The relationship between the compressive strength and the absorption of water 

seems to show a slightly uniform trend, this shows that with increased water absorption there 

has been a decrease in the compressive strength. For the first MBA0 mix, high compressive 

strength (6.94MPa) and low water absorption were observed (11.99 percent). However, when 

the amount of bottom ash increased more to MBA20, there was a low compressive strength 

of 4.3MPa and a high-water absorption rate of 24.81 percent. This shows that when MSWI 

bottom ash increased in the interlocking compressed earth blocks the compressive strength 

decreased and the water absorption was increased. In general, the relationship between 

compressive strength and water absorption was inversely proportional. 

4.4 Production Cost of Stabilized Compressed Earth Block  

The production cost of stabilized compressed earth blocks in this study was based on the 

hydraform M7 82E Machine and relevant data of working conditions are taken from FKT 

hydraform brick production company through direct questioner. The cost was based on the 

MBA0 mix (10%cement and without MSWI bottom ash) as control or currently available 

practiced and produced in the FKT hydraform factory for sale. And the other mix was MBA6 

(4% cement and 6%MSWI bottom ash) which was the optimal mix ratio based on the 28th 

day average water absorption and compressive strength results. Further increase of MSWI 

bottom ash and decrease in cement amount has increased the absorption and decreased 

compressive strength. The prices of raw materials used for manufacturing compressed earth 
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blocks were based on current cost indexes of construction materials from(2merkato.com).  

For the cost calculation, only direct production cost was considered.    

4.4.1 Cost Calculation Details   

1.Variable Costs  

Labor: This includes workers’ salaries based on the current market prices. The cost of daily 

labour was 120 birr per day and 8 daily labour and 1 Forman’s were available for the 

production of interlocking compressed earth blocks in a day.   

Stabilizers: Cement and MSWI bottom ash were used as stabilization of soil. Cement 10% 

cement (MBA0 mix) and MBA6 (4%cement and 6% bottom ash) cost with transportation 

and tax of cement were considered.  

Soil: Soil cost includes excavation, loading-unloading and transportation costs. Soil was 

based on the current market price was 250birr/m3. 

4.4.3 Direct Material Cost  

The direct production cost of interlocking compressed earth blocks was material and labour 

costs. The direct Material cost used for the production of one-unit blocks was presented in 

Tables below.   

Table 4. 5 Factors that affect unit cost calculations 

Factors that affect unit cost calculation   
 
 Cost  Unit  Production  

1 Daily production of blocks  number 

(blocks  

1500/day 

Material cost 

1 Soil cost  ETB /m3 250/m3 

2 Cement (Dangote OPC) with VAT and 

transportation  

ETB /quantal 614.25/quantal 

3 MSWI bottom ash transportation  ETB /quantal 15birr/quantal 

Labour cos 

1 Daily labors  ETB / day 120 

2 Forman’s  ETB /month 8000 

3 Machine operator cost  ETB/ day 250  
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Table 4. 6 Unit cost calculation table for (220x140x115 mm) block for (MBA0) 

Direct unit cost analysis 

Labour daily out put 187.5 number/ day 

Material cost (1.01) Labour cost (1.02) Equipment cost (1.03) 
Type 

of 

mate

rial  

U

nit  

Qty/

day 

*Ra

te 

Cost 

per 

unit  

Labo

ur by 

trade  

N

o. 

U

F 

*Inde

xed 

hourl

y cost  

Hou

rly 

cost 

Type 

of 

equip

ment  

N

o. 

U

F 

*Inde

xed 

hourl

y cost  

Hou

rly 

cost 

Cem

ent  

Qt

l 

10.5 614.

25 

6449.

625 

Fore

man  

1.

00 

1 41.67 41.6

7 

     

Bott

om 

ash  

Qt

l 

0 0 0 Oper

ator  

1.

00 

1 31.00 31.0

0 

     

Soil M
3 

4.78 250 1195 Daily 

labou

r  

8.

00 

1 15.00 15.0

0 

     

Total (1.01) 7644.

625 

Total (1.02)   192.

67 

Total (1.03) 0.00 

A= Material cost (1.01) B= Labour cost (1.02)  C= Equipment cost (1.03)  

Total (A) = 7644.625 

birr/day 

Total (B)= 1541.36 birr/ 

day 

 

Total (C)= 0.00 birr/day 

Direct cost (A+B+C) =  9185.985 ETB/day  

 

 

Overhead & profit (30%) 2755.796  

 

 

Total  11941.78 ETB/ DAY = 7.961187=8ETB/blocks  

 

 

Remarks 

*  cement trasportion and tax consider to be 17% thefactory cost and only trasportion 

cost was considered for bottom ash. 

 

**Inclusive of benefits,travel subsidies and cost of overtime related to targated output. 

 

UF-    Utilization Factor 
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Table 4. 7 Unit cost calculation table for (220x140x115 mm) block for MBA6 

Direct unit cost analysis 

Labour daily out put 187.5 number/ day 

Material cost (1.01) Labour cost (1.02) Equipment cost (1.03) 
Type 

of 

mate

rial  

Un

it  

Qty/

day 

*Rat

e 

Cos

t 

per 

unit  

Labo

ur by 

trade  

N

o. 

U

F 

*Inde

xed 

hourl

y cost  

Hou

rly 

cost 

Type 

of 

equip

ment  

N

o. 

U

F 

*Inde

xed 

hourl

y cost  

Hou

rly 

cost 

Cem

ent  

Qt

l 

4.25 614.

25 

2610
.6 

Fore

man  

1.

00 

1 41.67 41.6

7 

     

Botto

m 

ash  

Qt

l 

6.25 15 93.7

5 

Opera

tor  

1.

00 

1 31.00 31.0

0 

     

Soil M3 4.78 250 119

5 

Daily 

labou

r  

8.

00 

1 15.00 15.0

0 

     

Total (1.01) 389
9.3 

Total (1.02)   192.

67 

Total (1.03) 0.00 

A= Material cost (1.01) B= Labour cost (1.02)  C= Equipment cost (1.03)  

Total (A) = 3899.3  birr/day Total (B)= 1541.36 birr/ 

day 

 

Total (C)= 0.00 birr/day 

Direct cost (A+B+C) =  5440.7  ETB/day  

 

 

Overhead & profit (30%) 1632.202 

 

 

Total  7072.874 ETB/ DAY =4.7152 =5 ETB/blocks  

 

 

Remarks 

*  cement trasportion and tax consider to be 17% thefactory cost and only trasportion 

cost was considered for bottom ash. 

 

**Inclusive of benefits,travel subsidies and cost of overtime related to targated output. 

 

UF-    Utilization Factor 

 

 

According to the above table 4.6 and 4.7, the cost of MBA0(compressed earth blocks with 

10%cement) had high cost than MBA6(blocks with 6% MSWI bottom ash with 4% cement). 

As above shown in the above table using MSWI bottom ash can save up to 3 birrs per block 

and 42 birrs per meter squire. Blocks with MSWI bottom ash save 33% of the cost of cement 

stabilized interlocking blocks.   This indicates using MSWI bottom ash as a stabilizer with 
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cement was more economical than cement stabilized. In addition to its environmental benefit 

and waste usage for construction activity. Therefore, interlocking stabilized compressed 

earth block factories can use up to 6% bottom ash by the weight of the soil for the production 

purpose. 

Buildings built using interlocking stabilized compressed earth blocks were more economical 

and environmentally friendly than other concrete materials. However, the type and use 

building should be considered to use this type of wall material. In the case of low-cost 

housing, such as social housing schemes, the cost of walls were a major component of the 

total cost, which means that the choice of building materials and wall-building techniques 

was more critical during construction. 

Generally, compressed earth block construction contributes to the overall environmentally 

and energy-efficient technology for buildings. However, in rain and cold climate additional 

insulation or varnish with a large roof was required to protect the wall moisture. In addition 

to the economic and environmental point of view, the construction of interlocking 

compressed earth blocks was easy and not required more skilled labour to build walls. Walls 

constructed with the interlocking compressed earth blocks are laid without mortar. 

Interlocking compressed earth blocks can be unplaster since their surface was smooth and 

aesthetically pleasing but it needs a varnish finish for moisture purpose and a more gleam 

appearance.  
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5. CONCLUSIONS AND RECOMMENDATIONS  

Based on the investigations made and as reported in the previous sections, the following 

conclusions and recommendations were drawn. 

5.1 Conclusions  

Based on the investigations made and as reported in the previous sections, the following 

conclusions were drawn: 

1. MSWI bottom ash had SiO2, Al2O3, and Fe2O3 content shows greater than 70% of the 

whole sample. Therefore, according to the ASTM criteria’s the ash show pozzolanic 

properties and can be used as cement. 

2. The mechanical properties of compressed earth blocks show that MSWI bottom ash 

can be used up to 6% with 4% cement for the production, which had above the 

minimum recommended compressive strength and water absorption values as the 

standard.  In addition, a high amount of MSWI bottom ash stabilizer content above 

6% reduced compressive strength and increased water absorption capacity of blocks. 

Using MSWI bottom ash stabilizers in combination with cement would help to 

reduce the use of cement.  

3. The cost of interlocking compressed earth blocks with 6 percent MSWI bottom ash 

with 4 percent cement by the weight of the soil was lower than stabilizing earth 

blocks without bottom ash. Using MSWI bottom ash up to 6 percent were reduced 

material cost by 33 percent for each block or three birrs per block. Interlocking 

compressed earth blocks stabilized by MSWI bottom ash with cement was a more 

economical and environmentally friendly construction material and it avoids 

industrial wastes and saves natural resources.  

 5.2 Recommendations  

5.2.1 Recommendation from This Study  

Based on the findings of this research the following recommendations were drawn;  

1. For this research, soil type was brought from FKT hydraform brick factory was 

used in the mix, Further investigation with other soil types was needed to give a 

more comprehensive conclusion on the application of MSWI bottom ash in 

stabilized interlocking compressed earth blocks.  
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2. The results of this study have been revealed that stabilized interlocking 

compressed earth blocks can be produced using MSWI bottom ash up 6% with 

4% cement as according to the standard based on the result of the compressive 

and water absorption tests. The significantly cost of production and 

environmental pollution of the ash can be minimized. Therefore, any concerned 

body can use MSWI bottom ash stabilized interlocking compressed earth blocks 

with proper quality control.  

3. Usually, the social reluctance to use the stabilized interlocking compressed earth 

block can be encountered by addressing strongly associated with a low cost or 

“cheap” building materials. Social acceptance depends a great deal on how it is 

presented to the population. Therefore, organizations have an active part to play 

in this respect to use industrial waste products like MSWI bottom ash to avoid 

environmental pollution and to decrease construction cost.    

4. In Ethiopia, the suitability criteria and block quality testing laboratory machines 

were not available and applicable for small-scale enterprises for production. 

Therefore, concerned bodies prepare production standards and testing machines 

to develop low-cost housing practices.    

5.2.2 Recommendation for Further Study 

Based on the findings of this research the following recommendations were drawn for further 

study;    

1. Further research will be needed to test refine and validate the MSWI bottom ash for 

the production of stabilized interlocking compressed earth blocks and long-term 

durability test of the blocks.    

2. Further research will be done on the different types of soil and more detailed account 

of the interaction between cement and MSWI bottom ash in the production of 

stabilized interlocking compressed earth blocks.   

3. Pretreatment techniques of MSWI bottom ash and other construction applicability of 

the bottom ash will be further research topics for better understand. 
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APPENDIX A 

 

 

Figure A. 1 chemical composition of MSWI bottom ash 

 

Figure A. 2 Chemical composition of soil 
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APPENDIX B 

Table B. 1 setting time of cement and MSWI bottom ash 

 

 

 

 

initial and final setting time of cement (Dangota OPC  42.5
trial no. cement(gm) water(gm) time(min) penatration Remark

depth(mm)

mixing start 00;00

1 500 10 39

2 500 25 34

3 500 40 28 intial setting obtianed by

4 500 55 19 interpolation at 25mm 

5 500 70 13 peatiration was 45minute 

6 500

7 500 45

8 500

9 500

10 500 490 0 final setting time was 490 minute

initial and final setting time of bottom ashi(BA) 
trial no. bottom ash water(gm) time (min0 penatration Remark

(gram) depth(mm)

mixing start 00;00 00;00

1 500 165 10 42

2 500 165 25 38

3 500 165 40 35

4 500 165 55 31 intial setting obtianed by

5 500 165 70 28 interpolation at 25mm 

6 500 165 85 26 peatiration was 88 minute 

7 500 165 100 20

8 500 165 88

9 500 165

10 500 165 630 0 final setting time  was 610

initial and final setting time of MBA2 
trial no. bottom ash water(gm) time (min0 penatration Remark

(gram) depth(mm)

mixing start 00;00 00;00

1 500 140 10 41

2 500 140 25 35

3 500 140 40 30

4 500 140 55 26 intial setting obtianed by

5 500 140 70 20 interpolation at 25mm 

6 500 140 85 15 peatiration was 58 minute 

7 500 140

8 500 140 58

9 500 140

10 500 140 520 0 final setting time was 510 minute 
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initial and final setting time of MBA4  
trial no. bottom ash water(gm) time (min0 penatration Remark

(gram) depth(mm)

mixing start 00;00 00;00

1 500 145 10 42

2 500 145 25 38

3 500 145 40 33

4 500 145 55 28 intial setting obtianed by

5 500 145 70 24 interpolation at 25mm 

6 500 145 85 17 peatiration was 66 minute 

7 500 145

8 500 145 66

9 500 145

10 500 145 560 0 final setting time was 550

initial and final setting time of MBA6  
trial no. bottom ash water(gm) time (min0 penatration Remark

(gram) depth(mm)

mixing start 00;00 00;00

1 500 150 10 41

2 500 150 25 39

3 500 150 40 35

4 500 150 55 31 intial setting obtianed by

5 500 150 70 27 interpolation at 25mm 

6 500 150 85 21 peatiration was 75 minute 

7 500 150

8 500 150 75

9 500 150

10 500 150 590 0 final setting time was 

initial and final setting time of MBA8  
trial no. bottom ash water(gm) time (min0 penatration Remark

(gram) depth(mm)

mixing start 00;00 00;00

1 500 160 10 42

2 500 160 25 39

3 500 160 40 36

4 500 160 55 31 intial setting obtianed by

5 500 160 70 27 interpolation at 25mm 

6 500 160 85 24 peatiration was 80 minute 

7 500 160

8 500 160 80

9 500 160

10 500 160 610 0 final settng time was 590
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Table B. 2  fineness of MSWI bottom ash and cement (ASTM 184)  

The fineness of cement (Dangote OPC R 42.5) 

 

Fineness of MSWI bottom ash (MSWI BA)  

 

Fineness of MBA2  

 

Fineness of MBA4 

 

Fineness of MBA6 

 

Fineness of MBA8 

 

 cement type sample intial weight (gram) sieve size residue(gra) %finer (%)average remark

cement  type (MBA0) 1 150 2.25 95.5

2 50 150 1.95 96.1

95.8

reccommended 

50

(OPC 42.5)

 cement type sample intial weight (gram) sieve size residue(gra) %finer (%)average remark

MSWI bottom ash 1 150 5.125 89.75

2 50 150 4.895 90.21

89.98

reccommended 

50

 cement type sample intial weight (gram) sieve size residue(gra) %finer (%)average remark

MBA2 1 50 150 2.76 94.48

2 50 150 3.15 93.7

94.09

reccommended 

 cement type sample intial weight (gram) sieve size residue(gra) %finer (%)average remark

6%cement and 4%BA 1 50 150 3.2 93.6

2 50 150 3.89 92.22

92.91

reccommended 

 cement type sample intial weight (gram) sieve size residue(gra) %finer (%)average remark

4%cement and 6%BA 1 50 150 4.32 91.36

2 50 150 3.91 92.18

91.77

reccommended 

 cement type sample intial weight (gram) sieve size residue(gra) %finer (%)AV.finer remark

4%cement and 6%BA 1 50 150 4.82 90.36

2 50 150 4.25 91.5

90.93

reccommended 
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Table B. 3 Consistency of cement and bottom ash (ASTM1 187) 

 

 

 

 

 

consistency   of bottom ash (MSWI  BA)

tial number 1 2 3 4 5

 sample weight BA (gram) 500 500 500 500 500

wieght of water (gram) 130 140.00 150.00 160 165.00

penetration depth (mm) 4 5.5 7 8.5 9.5

normal consistency(%) 26 28 30 32 33

consistency   of cement (dangota 42.5) (MBA0)

tial number 1 2 3

 sample weight BA (gram) 500 500 500 500

wieght of water (gram) 120 125.00 130.00 135.00

penetration depth (mm) 5 6.5 8 9

normal consistency(%) 24 25 26 27

consistency   of  MBA2

tial number 1 2 3 4

 sample weight BA (gram) 500 500 500 500

wieght of water (gram) 120 125.00 130.00 140.00

penetration depth (mm) 6.5 7 8.5 11

normal consistency(%) 24 25 26 28

consistency   of MBA4

tial number 1 2 3 4

 sample weight BA (gram) 500 500 500 500

wieght of water (gram) 120 130.00 140.00 145.00

penetration depth (mm) 4 6 7.5 10

normal consistency(%) 24 26 28 29

consistency   of MBA6

tial number 1 2 3

 sample weight BA (gram) 500 500 500

wieght of water (gram) 130 140.00 150.00

penetration depth (mm) 7 8.5 9

normal consistency(%) 26 28 30
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summary of normal consistency of cement and bottom ash 

 

 

Table B. 4 specific gravity of MSWI bottom ash 

 

consistency   of MBA8 

tial number 1 2 3 4

 sample weight BA (gram) 500 500 500 500

wieght of water (gram) 130 140.00 150.00 160

penetration depth (mm) 5 6.5 8 10

normal consistency(%) 26 28 30 32

normal water (gm)

consistency(%)

27 135

33 165

28 140

29 145

30 150

32 160

MBA6

MBA8

cement type 

cemnt (dangota OPC 42.5

MSWI bottom ashi

MBA2

MBA4

Combined effet of fineness normal consisty and initial and final,setting time 

cement type 

95.8 27 45 490

90.0 33 87.5 630

94.1 28 57.5 520

92.9 29 66.25 560

91.8 30 75 590

90.9 32 80 610

MSWI Bottom Ash

MBA2 

MBA4

MBA6

MBA8

fineness( %) normal consistency(%) intial setting time(minute) final  setting time(Minute)

OPC cement (MBA0)

50

initail reading of le chartels appaerute with grosen 1

23

22

2.27

specific gravity of MSWI bottom ash 

initial sample weight  of BA      

final reading ( BA +krosen)

displaced volume 

specific gravity (density ρ (g/cm3) 
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Table B. 5 Sieve analysis of soil (ASTM D422) 

 

Table B. 6 Hydrometer analysis of soil (ASTM D 422) 

 

 

 

 

 

 

sieve  weight percentage cum.percentage percentage 

size(mm)  retianed(g) retained (%) retianed(%) passineg(%) 

4.75 0.01 1.67 1.67 98.33

2 0.01 1.67 3.33 96.67

1.18 0.01 1.67 5.00 95.00

0.6 0.01 1.67 6.67 93.33

0.425 0.03 5.00 11.67 88.33

0.3 0.02 3.33 15.00 85.00

0.15 0.04 6.67 21.67 78.33

0.106 0.06 10.00 31.67 68.33

0.075 0.12 20.00 51.67 48.33

pan 0.29 48.33 100.00 0.00

el.time(min)

temp..(0C)

Ac.Read.(Ra)

mines.cor 

(Mc) L from tabe

K from 

table

D(mm)=K(L

/t)^0.5

CT from 

table

a frm 

table@ 

GS2.64

Corr.hyd.Re

d. RC = Ra 

+ Mc+CT

%Finer 

P=(Rc*a)/W

s

% Adjested finer. 

PA=P*F200/100

0.5 20 39 1 9.9 0.013692 0.060926 0 1.002 40 80.16 38.741328

1 20 37 1 10.2 0.01386 0.044265 0 1.002 38 76.152 36.8042616

2 20 35 1 10.6 0.01386 0.031908 0 1.002 36 72.144 34.8671952

4 20 34 1 10.7 0.01386 0.022669 0 1.002 35 70.14 33.898662

8 20 33 1 10.9 0.01386 0.016178 0 1.002 34 68.136 32.9301288

15 20 30.5 1 11.4 0.01386 0.012083 0 1.002 31.5 63.126 30.5087958

30 20 29 1 11.5 0.01386 0.008581 0 1.002 30 60.12 29.055996

60 20 28 1 11.7 0.01386 0.00612 0 1.002 29 58.116 28.0874628

120 20 23 1 12.5 0.01386 0.004473 0 1.002 24 48.096 23.2447968

240 20 20 1 13 0.01386 0.003226 0 1.002 21 42.084 20.3391972

1440 20 18 1 13.3 0.01386 0.001332 0 1.002 19 38.076 18.4021308
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Figure B. 1  particle size of soil  

 

Figure B. 2 hydrometer analysis of soil 

Table B. 7 7linear shrinkage of soil 
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name of shirinkage mold 130 65 161

original length 140 140 140

length after oven 133.55 133.95 134.12

linear shrinkage 4.61 4.32 4.20
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Table B. 8 test result of Atterberg limit test of soil 

 

Atterberg limit test of soil 

 Liquid limit  Plastic limit  Plastic index  

Values (%) 27.44 20.20 7.244 

Table B. 9 specific gravity of soil (ASTM D 854) 

 

Table B. 10 Natural moisture content of soil 

 

Can No. E3 E4 L C-2 C-3 A1 Ww
No. blows 18 21 26 32

Wt. of wet Soil+can ,(g) 42.20 54.10 39.70 43.60 26.80 26.90 26.2

Wt.of dry + can ,(g) 37.57 46.98 36.43 39.97 26.30 26.20 25.8

Wt. of  water ,(g) 4.63 7.12 3.27 3.63 0.50 0.70 0.40

Wt. of can , (g) 23.80 24.10 24.10 24.10 23.80 22.80 23.8

Wt. of dry soil ,(g) 13.77 22.88 12.33 15.87 2.50 3.40 2.00

Moisture content( %) 33.62 31.12 26.52 22.87 20.00 20.59 20.00

27.44 20.20

Liquid Limit Plastic Limit

1 2

75 24

35.5 34.2

45.5 44.2

10 10

136.6 134.4

143 140.4

2.78 2.50

B. Mass of empty pycno + Dry soil

C. Mass of Dry Soil (No. 10 sieve)

D. Mass of Pycnometer full of water

E. Mass of pycno + Soil +full of water 

F. Specific Gravity=C/(C+(D-E))

Average Specific Gravity ((1+2)/2)

Corrected Average Specific Gravity =2.64*1.000 =2.64

Specific Gravity Test Data (at 20 ◦C temprature 

Trial

Pycnometer #

A. Mass of Pycnometer (empty, clean)

2.64

sampl number 1 2 3 4 5 6 7 8

can number E9 B3 G A6 C_6 E-2 A-7 A

wet. Empty can 23.8 23.8 23.7 23.6 23.7 23.7 23.8 22.8

wet. Can+ wet,soil 53.8 53.8 73.7 73.7 123.7 123.7 143.8 142.8

wet.can +oven dry soil 52.3 52.7 72 72.3 116.1 116.6 140.4 139.1

weight of water 1.5 1.1 1.7 1.4 7.6 7.1 3.4 3.7

moisture content( %) 5.263158 3.806228 3.519669 2.874743 8.225108 7.642626 2.915952 3.181427

average moisture contntn(%)

Natural moisture contente 

4.7
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APPENDIX C 

Table C. 1 7th day compressive strength, unit weight and change in volume of blocks 

7th day compressive strength, unit weight and change in volume of blocks MBA0. 

 

7th day compressive strength, unit weight and change in volume of blocks MBA2 

 

7th day compressive strength, unit weight and change in volume of blocks MBA4 

 

7th day compressive strength, unit weight and change in volume of blocks MBA6 

 

s.n Age Dimension(mm) Wietght Gross Area net area Volume failer  comp.     unit  wieight AV.comp AV. Unit . average 

L W D (mm2) (mm2) (mm3) load(Kn) str.(Mpa) (gr/cm3) str. (Mpa) wet (g/cm3 volume change(mm3)

1 7 217 138 113 6265 29946 14000 3383898 43.1 3.08 1.85

2 7 218 139 115 6300 30302 14000 3484730 44.1 3.15 1.81 3.12 1.8272285 3432734.667

3 7 218 138 114 6250 30084 14000 3429576 43.8 3.13 1.82

s.n Age Dimension(mm) Wietght Gross Area net area Volume failer  comp.     unit  wieight Av.compr AV. Unit . average 

L W D (gram) (mm2) (mm2) (cm3) load(Kn) str.(Mpa) (gr/cm3) stre (Mpa) wet (g/cm3 volume change(mm3)

1 7 217 138 113 5945 29946 14000 3383898 43.6 3.11 1.76

2 7 220 140 115 5975 30800 14000 3542000 43.1 3.08 1.69 3.10 1.7333 3444772.33

3 7 217 139 113 5986 30163 14000 3408419 43.3 3.09 1.76

s.n Age Dimension (mm) Wietght Gross Area net area Volume failer  comp.     unit  wieight Av.compr AV. Unit . average 

L W D (gram) (mm2) (mm2) (mm3) load(Kn) str.(Mpa) (gr/cm3) stre.(Mpa) wet (g/cm3 volume change (mm3)

1 7 217 139 115 5930 30163 14000 3468745 32.5 2.32 1.71

2 7 217 138 113 5820 29946 14000 3383898 32.5 2.32 1.72 2.34 1.7093945 3436061

3 7 220 139 113 5870 30580 14000 3455540 33.1 2.36 1.70

s.n Age Dimension(mm) Wietght Gross Area net area Volume failer  comp.     unit  wieight AV.comp AV. Unit . average 

L W D (gram) (mm2) (mm2) (mm3) load(Kn) str.(Mpa) (gr/cm3) str.(Mpa) wet (g/cm3 volume change (mm3)

1 7 218 138 115 5840 30084 14000 3459660 27.8 1.99 1.69

2 7 217 140 114 5645 30380 14000 3463320 26.9 1.92 1.63 1.97 1.6537583 3445608

3 7 217 138 114 5610 29946 14000 3413844 28.2 2.01 1.64
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7th day compressive strength, unit weight and change in volume of blocks MBA8 

 

7th day compressive strength, unit weight and change in volume of blocks MBA10 

 

7th day compressive strength, unit weight and change in volume of blocks MBA15 

 

7th day compressive strength, unit weight and change in volume of blocks MBA20 

 

s.n Age Dimension(mm) Wietght Gross Area net area Volume failer  comp.     unit  wieight Av.comp AV. Unit . average 

L W D (gram) (mm2) (mm2) (mm3) load(Kn) str.(Mpa) (gr/cm3) str.(Mpa) wet (g/cm3 volume change(mm3) 

1 7 217 138 112 5635 29946 14000 3353952 20.7 1.48 1.68

2 7 218 140 115 5715 30520 14000 3509800 21.7 1.55 1.63 1.54 1.634646 3449494

3 7 218 139 115 5560 30302 14000 3484730 22.1 1.58 1.60

s.n Age Dimension(mm) Wietght Gross Area net area Volume failer  comp.     unit  wieight Av.comp AV. Unit . average 

L W D (gram) (mm2) (mm2) (mm3) load(Kn) str.(Mpa) (gr/cm3) stre.(Mpa) wet (g/cm3 volume change(mm3) 

1 7 217 140 114 5705 30380 14000 3463320 8.6 0.61 1.65

2 7 218 139 115 5690 30302 14000 3484730 9.5 0.68 1.63 0.70 1.6357082 3459208.667

3 7 218 138 114 5580 30084 14000 3429576 11.2 0.80 1.63

s.n Age Dimension(mm0 Wietght Gross Area net area Volume failer  comp.     unit  wieight Av.comp AV. Unit . average 

L W D (gram) (mm2) (mm2) (mm3) load(Kn) str.(Mpa) (gr/cm3) stre.(Mpa) wet (g/cm3 volume change(mm3) 

1 7 217 138 114 5435 29946 14000 3413844 9.2 0.66 1.59

2 7 218 139 115 5350 30302 14000 3484730 10.4 0.74 1.54 0.679 1.5644095 3459658

3 7 220 140 113 5450 30800 14000 3480400 8.9 0.64 1.57

s.n Age Dimension(mm) Wietght Gross Area net area Volume failer  comp.     unit  wieight Av.comp AV. Unit . average 

L W D (gram) (mm2) (mm2) (mm3) load(Kn) str.(Mpa) (gr/cm3) stre.(Mpa) wet (g/cm3 volume change(mm3)

1 7 217 140 113 5410 30380 14000 3432940 8.4 0.60 1.58

2 7 218 139 115 5200 30302 14000 3484730 5.9 0.42 1.49 0.49 1.5304389 3467930

3 7 220 139 114 5310 30580 14000 3486120 6.2 0.44 1.52
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Table C. 2 14th day compressive strength, unit weight and volume change of blocks 

14th day compressive strength, unit weight and change in volume of blocks MBA0 

 

14th day compressive strength, unit weight and change in volume of blocks MBA2 

 

14th day compressive strength, unit weight and change in volume of blocks MBA4 

 

14th day compressive strength, unit weight and change in volume of blocks MBA6 

 

s.n Age Dimension(mm) Wietght Gross Area net area Volume failer  comp.     unit  wieight AV.comp AV. Unit . average 

L W D (gram) (mm2) (mm2) (mm3) load(Kn) str.(Mpa) (gr/cm3) str. (Mpa) wet (g/cm3) volume change(mm3)

1 14 218 138 113 6230 30084 14000 3399492 60.4 4.31 1.83

2 14 215 138 113 6275 29670 14000 3352710 62.8 4.49 1.87 4.39 1.832822 3402210

3 14 218 139 114 6198 30302 14000 3454428 61.1 4.36 1.79

s.n Age Dimension(mm) Wietght Gross Area net area Volume failer  comp.     unit  wieight Av.compr AV. Unit . average 

L W D (gram) (mm2) (mm2) (cm3) load(Kn) str.(Mpa) (gr/cm3) stre (Mpa) wet (g/cm3) volume change(mm3)

1 14 217 138 113 6145 29946 14000 3383898 59.8 4.27 1.82

2 14 218 138 114 6210 30084 14000 3429576 61.9 4.42 1.81 4.36 1.8193924 3396826.333

3 14 215 139 113 6185 29885 14000 3377005 61.4 4.39 1.83

s.n Age Dimension (mm) Wietght Gross Area net area Volume failer  comp.     unit  wieight Av.compr AV. Unit . average 

L W D (gram) (mm2) (mm2) (mm3) load(Kn) str.(Mpa) (gr/cm3) stre.(Mpa) wet (g/cm3) volume change(mm3)

1 7 217 139 114 5740 30163 14000 3438582 53.5 3.82 1.67

2 7 217 138 113 5650 29946 14000 3383898 54.7 3.91 1.67 3.86 1.6926189 3391730

3 7 215 138 113 5830 29670 14000 3352710 53.9 3.85 1.74

s.n Age Dimension(mm) Wietght Gross Area net area Volume failer  comp.     unit  wieight AV.comp AV. Unit . average 

L W D (gram) (mm2) (mm2) (mm3) load(Kn) str.(Mpa) (gr/cm3) str.(Mpa) wet (g/cm3) volume change(mm3)

1 7 217 139 113 5670 30163 14000 3408419 37.9 2.71 1.66

2 7 215 138 113 5715 29670 14000 3352710 40.7 2.91 1.70 2.79 1.6685231 3391657.667

3 7 217 138 114 5590 29946 14000 3413844 38.5 2.75 1.64
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14th day compressive strength, unit weight and change in volume of blocks MBA8 

 

14th day compressive strength, unit weight and change in volume of blocks MBA10 

 

14th day compressive strength, unit weight and change in volume of blocks MBA15 

 

14th day compressive strength, unit weight and change in volume of blocks MBA20 

 

 

s.n Age Dimension(mm) Wietght Gross Area net area Volume failer  comp.     unit  wieight Av.comp AV. Unit . average 

L W D (gram) (mm2) (mm2) (mm3) load(Kn) str.(Mpa) (gr/cm3) str.(Mpa) wet (g/cm3) volume change (mm3) 

1 7 217 138 112 5635 29946 14000 3353952 28.8 2.06 1.68

2 7 215 139 113 5715 29885 14000 3377005 27.4 1.96 1.69 1.98 1.6654025 3385027.667

3 7 218 139 113 5560 30302 14000 3424126 26.9 1.92 1.62

s.n Age Dimension(mm) Wietght Gross Area net area Volume failer  comp.     unit  wieight Av.comp AV. Unit . average 

L W D (gram) (mm2) (mm2) (mm3) load(Kn) str.(Mpa) (gr/cm3) stre.(Mpa) wet (g/cm3 volume change(mm3)

1 7 215 138 114 5317 29670 14000 3382380 14.7 1.05 1.57

2 7 217 138 113 5256 29946 14000 3383898 12.3 0.88 1.55 0.95 1.5684855 3382886

3 7 215 138 114 5345 29670 14000 3382380 13.1 0.94 1.58

s.n Age Dimension(mm0 Wietght Gross Area net area Volume failer  comp.     unit  wieight Av.comp AV. Unit . average 

L W D (gram) (mm2) (mm2) (mm3) load(Kn) str.(Mpa) (gr/cm3) stre.(Mpa) wet (g/cm3) volume change(mm3) 

1 7 215 138 113 5215 29670 14000 3352710 11.2 0.80 1.56

2 7 215 137 112 5110 29455 14000 3298960 10.7 0.76 1.55 0.814 1.5574242 3324903.333

3 7 215 138 112 5210 29670 14000 3323040 12.3 0.88 1.57

s.n Age Dimension(mm) Wietght Gross Area net area Volume failer  comp.     unit  wieight Av.comp AV. Unit . average 

L W D (gram) (mm2) (mm2) (mm3) load(Kn) str.(Mpa) (gr/cm3) stre.(Mpa) wet (g/cm3) volume change(mm3)

1 7 215 138 112 5120 29670 14000 3323040 9.6 0.69 1.54

2 7 215 137 112 5030 29455 14000 3298960 7.8 0.56 1.52 0.65 1.5366512 3314507.333

3 7 213 138 113 5130 29394 14000 3321522 10.1 0.72 1.54
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Table C. 3  28th day compressive strength , unit weight and volume change of blocks 

28th day compressive strength, unit weight and change in volume of blocks MBA0 

 

14th day compressive strength, unit weight and change in volume of blocks MBA2 

 

14th day compressive strength, unit weight and change in volume of blocks MBA4 

 

14th day compressive strength, unit weight and change in volume of blocks MBA6 

 

s.n Age Dimension(mm) Wietght Gross Area net area Volume failer  comp.     unit  wieight Av.compre Av. Unit average  volume 

L W D (gram) (mm2) (mm2) (mm3) load(Kn) str.(Mpa) (gr/cm3) stre.(Mpa) weight(g/cm3) change (mm3)

1 28 215 138 113 5560 29670 14000 3352710 96.4 6.886 1.658

2 28 215 137 112 5980 29455 14000 3298960 99.3 7.093 1.813 6.940 1.734 3316374.333

3 28 213 137 113 5710 29181 14000 3297453 95.8 6.843 1.732

s.n Age Dimension(mm) Wietght Gross Area net area Volume failer  comp.     unit  wieight Av.comp Av. Unit average  volume 

L W D (gram) (mm2) (mm2) (mm3) load(Kn) str.(Mpa) (gr/cm3) stre.(Mpa) weight(g/cm3) change (mm3)

1 28 213 138 112 5630 29394 14000 3292128 91.6 6.543 1.710

2 28 215 137 113 5620 29455 14000 3328415 92.5 6.607 1.688 6.607 1.708 3309375.667

3 28 214 138 112 5710 29532 14000 3307584 93.4 6.671 1.726

s.n Age Dimension(mm) Wietght Gross Area net area Volume failer  comp.     unit  wieight Av.compre Av. Unit average  volume 

L W D (gram) (mm2) (mm2) (mm3) load(Kn) str.(Mpa) (gr/cm3) stre.(Mpa) weight(g/cm3) change (mm3)

1 28 213 137 112 5385 29181 14000 3268272 80.2 5.729 1.648

2 28 213 136 113 5561 28968 14000 3273384 85.8 6.129 1.699 6.005 1.663 3288232

3 28 215 138 112 5460 29670 14000 3323040 86.2 6.157 1.643

s.n Age Dimension(mm) Wietght Gross Area net area Volume failer  comp.     unit  wieight Av.comp Av. Unit average  volume 

L W D (gram) (mm2) (mm2) (mm3) load(Kn) str.(Mpa) (gr/cm3) stre.(Mpa) weight(g/cm3) change (mm3)

1 28 212 136 112 5220 28832 14000 3229184 72.2 5.157 1.617

2 28 215 138 112 5040 29670 14000 3323040 76.9 5.493 1.517 5.386 1.572 3272905

3 28 211 137 113 5170 28907 14000 3266491 77.1 5.507 1.583
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14th day compressive strength, unit weight and change in volume of blocks MBA8 

 

14th day compressive strength, unit weight and change in volume of blocks MBA10 

 

14th day compressive strength, unit weight and change in volume of blocks MBA15 

 

14th day compressive strength, unit weight and change in volume of blocks MBA20 

 

 

s.n Age Dimension(mm) Wietght Gross Area net area Volume failer  comp.     unit  wieight Av.comp Av. Unit average  volume 

L W D (gram) (mm2) (mm2) (mm3) load(Kn) str.(Mpa) (gr/cm3) Stre. (Mpa)weight(g/cm3) change (mm3)

1 28 211 136 112 5020 28696 14000 3213952 74.3 5.307 1.562

2 28 212 137 113 5195 29044 14000 3281972 69.2 4.943 1.583 5.143 1.579 3234867

3 28 211 137 111 5110 28907 14000 3208677 72.5 5.179 1.593

s.n Age(day) Dimension (mm) Wietght) Gross Area net area Volume failer  comp.     unit  wieight Av.comp Av. Unit average  volume 

L W D (gram) (mm2) (mm2) (mm3) load(KN) str.(Mpa) (gr/cm3) stre.(Mpa) weight(g/cm3) change (mm3)

1 28 212 135 111 4780 28620 14000 3176820 66 4.714 1.505

2 28 211 135 110 4815 28485 14000 3133350 69.5 4.964 1.537 4.833 1.550 3169630

3 28 210 136 112 5150 28560 14000 3198720 67.5 4.821 1.610

s.n Age(day) Dimension(mm) Wietght Gross Area net area Volume failer  comp.     unit  wieight AV.comp Av. Unit average  volume 

L W D (gram) (mm2) (mm3) (mm3) load(KN) str.(Mpa) (gr/cm3) strength(Mpa)weight(g/cm3) change (mm3)

1 28 210 135 110 4720 28350 14000 3118500 63 4.500 1.514

2 28 210 134 108 4590 28140 14000 3039120 62 4.429 1.510 4.514 1.536 3022652

3 28 208 132 106 4610 27456 14000 2910336 64.6 4.614 1.584

s.n Age (day) Dimension(mm) Wietght Gross Area net area Volume failer  comp.     unit  wieight AV.comp Av. Unit average  volume 

L W D (gram) (mm2) (mm2) (mm3) load(Kn) str.(Mpa) (gr/cm3) stre.(Mpa) weight(g/cm3) change (mm3)

1 28 207 130 107 4610 26910 14000 2879370 61.4 4.386 1.601

2 28 209 133 110 4510 27797 14000 3057670 58.9 4.207 1.475 4.305 1.510 2999613.333

3 28 210 135 108 4450 28350 14000 3061800 60.5 4.321 1.453
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Table C. 4 summary of compressive strength of blocks 

mix code  

 7thday average 

compressive strength 

(Mpa) 

14th-day average 

compressive strength 

(Mpa)   

28th day average 

compressive strength 

(Mpa) 

MBA0 3.12 4.39 6.94 

MBA2 3.10 4.36 6.61 

MBA4 2.34 3.86 6.01 

MBA6 1.97 2.79 5.39 

MBA8 1.54 1.98 5.14 

MBA10 0.70 0.95 4.83 

MBA15 0.679 0.81 4.51 

MBA20 0.49 0.65 4.30 

Table C. 5 relative compressive strength percentage difference 

mix no 

  

7th day relative 

compressive strength  

percentage  

difference(%)  

14th day relative 

compressive strength  

percentage  

difference(%)  

28th day relative 

compressive strength 

percentage  

difference(%)  

MBA0 0 0 0 

MBA2 0.76 0.65 4.80 

MBA4 25.11 12.05 13.47 

MBA6 36.72 36.46 22.39 

MBA8 50.76 54.91 25.89 

MBA10 77.63 78.24 30.36 

MBA15 78.24 81.44 34.96 

MBA20 84.35 85.08 38.00 

Table C. 6  unit weight differences of blocks 

mix no 

  

7th day unit weight  

(kg/m3) 

 14th day unit weight  

(kg/m3) 

28th day unit weight  

(kg/m3) 

MBA0 1827.23 1792.82 1734.23 

MBA2 1733.33 1719.39 1708.32 

MBA4 1709.39 1692.62 1663.20 

MBA6 1653.76 1638.52 1571.98 

MBA8 1634.65 1605.40 1579.13 

MBA10 1615.71 1568.49 1550.45 

MBA15 1564.41 1557.42 1535.95 

MBA20 1540.44 1536.65 1509.81 
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Table C. 7 water absorption stabilized interlocking compressed earth blocks 

mix 

number   

sample 

number  

dry weight wet weight  Absorbed 

water 

Percentage 

absorption  

Average % 

absorption 

MBA0  

  

1 5.46 6.125 0.665 12.18  11.99 

  2 5.59 6.25 0.66 11.81 

MBA2 

  

1 4.86 5.61 0.75 15.43   

 12.20 2 5.39 5.873 0.483 8.96 

MBA4 

  

1 4.753 5.575 0.822 17.29 13.52 

  2 4.95 5.432 0.482 9.74 

MBA6 

  

1 4.71 5.42 0.71 15.07  15.02 

  2 4.88 5.61 0.73 14.96 

MBA8 

  

1 4.76 5.68 0.92 19.33  17.18 

2 4.651 5.35 0.699 15.03   

MBA10 

  

1 4.76 5.73 0.97 20.38  19.56 

2 4.64 5.51 0.87 18.75 
 

MBA15 

  

1 4.59 5.62 1.03 22.44  23.04 

2 4.61 5.7 1.09 23.64   

MBA20 

  

1 4.62 5.81 1.19 25.76  24.81 

2 4.545 5.63 1.085 23.87   

Table C. 8 3 Relationship between compressive strength and water absorption. 

Mix 

number   

7th Average compressive 

Strength (Mpa) 

28thAverage compressive  

Strength (Mpa) 

average water 

absorption 

MBA0 3.12 6.94 11.99 

MBA2 3.1 6.607 12.2 

MBA4 2.34 6.005 13.52 

MBA6 1.97 5.386 15.02 

MBA8 1.54 5.143 17.18 

MBA10 0.7 4.833 19.56 

MBA15 0.68 4.514 23.04 

MBA20 0.49 4.303 24.81 
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Table C. 9 average volume change of blocks 

mix number  

  

Average 7th-day 

volume change (mm3) 

average 14th  day  

volume change(mm3)  

average 28th  day  

volume  change (mm3) 

mold 3668500 3668500 3668500 

MBA0 3432735 3402210 3316374 

MBA2 3444772 3396826 3309376 

MBA4 3436061 3391730 3288232 

MBA6 3445608 3391658 3272905 

MBA8 3449494 3385028 3234867 

MBA10 3459209 3382886 3169630 

MBA15 3459658 3324903 3022652 

MBA20 3467930 3314507 2999613 

 

Table C. 10 relative volumetric shrinkage of blocks 

mix number  

  

7th-day relative 

percentage 

volumetric shrinkage 

(%) 
 

14th-day relative 

percentage 

volumetric shrinkage 

(%) 
 

28th-day relative 

percentage volumetric 

shrinkage (%) 
 

mold 0 0 0 

MBA0 -6.43 -7.26 -9.60 

MBA2 -6.10 -7.41 -9.79 

MBA4 -6.34 -7.54 -10.37 

MBA6 -6.08 -7.55 -10.78 

MBA8 -5.97 -7.73 -11.82 

MBA10 -5.71 -7.79 -13.60 

MBA15 -5.69 -9.37 -17.61 

MBA20 -5.47 -9.65 -18.23 

 


