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Abstract 

Innovative Approach to Produce Soil-Based Building Products 

Keywords: Reduced Clay & Silt, Soil Washing, Soil Blocks, Roof Tiles, Burnt-Bricks 

Soil as a building material has been used in different forms which include mud, adobe, 

rammed earth and bricks. Also, Compressed Stabilized Earth Blocks (CSEBs), a form of soil 

blocks with different additives, including cement, fly ash, and lime, have been investigated 

by many researchers for their advantageous properties. A literature review established that 

compressive strength significantly depends on the clay and silt (finer) content and 25% finer 

content produces the optimum results. However, investigators have not considered the 

amounts of other large particles. Furthermore, most of the researchers have adopted the 

method of adding different materials to soil in order to reduce the finer content in the soil. 

This study focused on an innovative approach to reduce finer content by washing and to 

utilize finer part of soil for different soil-based products simultaneously. Washing of soil is 

introduced as a method to reduce the finer content and soil with reduced finer content was 

investigated for production of compressed stabilized earth blocks. Further, the water re-

cycling and its optimization for the washing process too was investigated.  The separated 

finer content together with fly ash was investigated for the production of other soil-based 

productions namely roof tiles and burnt-bricks.  

 

This study also investigated the use of theories of particle packing optimization which 

changed the soil grading while enhancing the properties of CSEBs. It established the 

changing of soil particles in different ranges to fit the soil grading to an optimization curve. 

Moreover, the use of fly ash as a finer replacement to the washed soil produced significant 

improvements in CSEB properties made with washed soil compared to that of CSEB made 

with un-washed soil. Laboratory testing clearly showed that the use of washed soil with 5%-

10% finer content improved the compressive strength of the CSEB by 50% with different 

percentages of cement stabilization. In addition, significant improvements in dry densities 

and water absorption ratios of blocks were also observed with this particle size distribution 

modification. Industrial scaled soil blocks made with the selected optimum finer content of 

7.5% and 7% cement stabilization verified that the blocks properties meet the requirements 

given in the standards SLS 1382 and SLS 855.   

 

The soil washing process reduced the finer content in the soil producing a considerable 

amount of finer that could be used to produce building materials like roof tiles and burnt 

bricks.  This extracted finer alone was difficult to be used, however adding fly ash gave 

significant enhancements to properties of roof tiles and burnt bricks. In fact, the study 

showed that 25% addition of fly ash to the extracted finer was more desirable. Roof tiles 

made with extracted finer and 25% of fly ash reported that the breaking strength, water 

absorption and permeability of tiles meet the requirements given in SLS 2. Burnt bricks 

made with extracted finer and 25% of fly ash also reported that the compressive strength, 

water absorption, and efflorescence meet the requirements given in SLS 39. Moreover, the 

properties of wire-cut bricks made with extracted finer and 25% fly ash also satisfied the 

requirements in SLS 39. The process optimization established that up to 60% water can be 

re-cycled. Cost analysis for the building materials considered in this study showed that the 

unit price of each product was significantly low compared to the current market price. 

Therefore, further research could be done to streamline all the processes and products 

considered in this study. 
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CHAPTER 1 : INTRODUCTION 

1.1. General Introduction 

Earthen materials have been used by global Civil Engineering constructions in 

different forms, such as mud, adobe, rammed earth and bricks. A mixture of sand 

and clay forming a solid wall with the support of a wooden formwork is known as a 

rammed earth wall. Adobe blocks are made of clay with or without natural fibres 

and prepared in moulds which are slightly larger than those used to make bricks [1]. 

Approximately 30% of the world population live in buildings made of earthen 

materials [2]. In fact, raw earth as a building material has many advantages as 

explained by many researchers [1], [3], [4], [5]. However, soil in its natural state 

lack strength, durability and stability in dimension. Aubert et al. [6] have shown the 

mechanical weakness and the absence of standard procedures to measure strength 

and stiffness as some demerits of earth-based construction. Nevertheless, it is 

possible to overcome deficiencies by stabilizing the soil used to produce building 

materials [7]. Murmu and Patel [8], in their extensive literature survey, have shown 

the advantages and disadvantages of using earth-based building materials.  They 

have demonstrated that eco-friendliness, low thermal conductivity and availability in 

abundance as inherent advantages. Further, they highlighted the strength reduction 

and dimensional instability in earth -based building materials as they contacted with 

water for a long time as the foremost disadvantages. 

 

Compressed Stabilized Earth Blocks (CSEB), a form of soil blocks with different 

additives including cement, fly ash, lime, etc. as stabilizers have been investigated 

by many researchers for its improved properties [7], [9], [10], [11], [12], [13], [14]. 

Compressed earth blocks have been introduced as an alternative building 

construction substance to traditional masonry substances and are cost-effective and 

environmentally-friendly [15]. Additionally, it is considered as an evolution of 

adobe [16]. In practice, CSEB is made of soil having sufficient clay. Cement up to 

10% is used as the stabilizer [7]. Hand-operated press (e.g. CINVA-RAM) or 

hydraulically operated machine-driven press are the mostly used method for blocks 
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production [17]. CSEB is available as bricks, blocks, interlocking blocks, and 

hollow blocks. 

 

Earthen constructions have many advantages. Thermal comfortability, creation of 

local employment and minimal environmental impact are such advantages. These 

could be validated for CSEB too. The use of earthen constructions is not limited to 

developing countries, even in developed countries like Australia; about 20% of the 

new building construction is occupied with earth-based construction projects [18].  

 

Throughout the last decades, CSEB related research has been conducted worldwide. 

On the other hand, the popularity of CSEB as a common building material is not 

widely known as other building materials. Interestingly, the use of burnt bricks and 

cement blocks are dominant in Sri Lankan housing construction. As per statistics, 

the construction industry in Sri Lanka usually spends a high amount of cost for burnt 

bricks. However, soil block usage is rarely mentioned in statistics [19].  The two 

main challenges of CSEB are related to compressive strength and durability.   As 

highlighted by Guettala et al.[20],  the strength of CSEB is low due to  moisture 

which causes  weaknesses of CSEB. Walker [7] reported that the strength of 

saturated CSEB could become about half of that of dry strength when using soil with 

higher clay & silt (finer) content coupled with lower cement content.  The amount of 

finer is the dominant player which differ the durability and strength of CSEB. 

 

Even though CSEB acts as an environmentally friendly construction material, its 

application in an economical way targeting the commercial market has still not 

developed in many backgrounds. As per Jayasinghe and Perera [21], promoting the 

use of CSEB as an alternative construction material is very pertinent considering the 

economic and environmental friendliness.   

 

 CSEB has a history of more than two hundred years but, addressing the main issue 

has been limited to altering of clay & silt in the soil. In this context, addition of 

materials such as sand, quarry dust, fly ash, different soil and other similar materials 
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have been practiced by many researchers.  Literature provides evidence that the 

improvement of compressive strength has occurred by mixing the soil with some 

additives to change the finer content. However, it is hard to find a significant 

durability improvement in CSEB with these materials’ addition. Furthermore, the 

literature says that the use of 5% to 20% finer content helped to improve 

compressive strengths. Such a conclusion cannot be seen in relation to durability. 

Additionally, sustainability issues of CSEB have been reported in Sri Lanka and 

other countries as major catastrophes of CSEB. With these known hindrances, still, 

the primary raw material for CSEB is lateritic soil. Generally, lateritic soil consists 

of 20% to 35% of clay & silt [22].   

 

Generally, use of earthen materials for building construction is environmentally 

friendly. However, the usage of clay for brick production and sand for cement sand 

block production is associated with many environmental-related issues. In fact, clay 

mines need to be filled back appropriately and extensive sand mining could lower 

the river-beds. Interestingly, the current construction industry mainly focuses on 

sustainable, environmentally friendly building materials while embodied energy is 

one main concern. Embodied energy for soil-cement block (with 8% cement) is 

about 38% that of burnt bricks and about 58% that of steam-cured mud block 

masonry. Also, it is less compared to hollow-concrete block masonry [23]. 

Therefore, earth is an alternative walling material irrespective of its undesirable 

properties. 

 

However, economic feasibility and commercial viability are two challenging 

aspects. The popularization of the use of soil blocks is hard to achieve due to low 

attraction and unhealthy economic background. Durability is one of the key 

concerns when considering aesthetic attraction and commercial viability. Removing 

of clay & silt to a certain extent may help to improve durability. Also, production 

practicability is another concern. With a high clay content, the production process 

may face problems, thus removing clay could help to ease the production process 

and lower the production cost.  
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The clay removal from soil could be carried out by soil washing with available 

industrial plants. The removed clay also can be used for other uses such as roof tiles, 

burnt bricks and ceramic tiles depending on clay properties. In addition, by adding 

certain pigments to clay its properties could be altered to become desirable for 

production. Therefore, the intended advantages of reducing clay from soil are two-

fold; it helps to improve the properties of the soil block and the removed finer is a 

bi-product which could be used effectively. Also, the soil block production could be 

promoted for small scale entrepreneurs if they can be provided with necessary 

technological and financial support. In fact, if soil washing could be done in small 

scale plants, entrepreneurs would be able to run businesses as it is economically 

viable.  With this background, this study leads to popularizing the use of Stabilised 

Earth Blocks while opening a window to look at the use of waste soil in different 

angles. 

 

1.2. Research Aim and Objectives  

This study was undertaken to introduce a novel method to produce soil-based 

building products to be used in the construction industry with the consideration of 

cost-effectiveness while emphasizing its durability and strength properties 

enhancement.   This study mainly aims to provide a new direction for the production 

of CSEB with the usage of naturally available soil. Further, it includes an integrated 

approach to utilize natural soil as a building material. To attain the above aim the 

below mentioned objectives have been recognized. 

1. Developing a process to reduce clay and silt from a given soil to produce 

CSEB  

2. Analysing the performance of burnt bricks and roof tiles produced from 

removed clay and silt mixed with fly ash  

3. Determining the properties of soil blocks produced from soil with reduced 

clay and silt  

4. Analysing the cost of CSEB for different clay/silt combinations and brunt 

bricks and roof tiles produced from extracted finer 
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1.3. Problem Definition  

Building materials are fundamental ingredients in infrastructure construction. 

Bricks, blocks, cement, sand, aggregates, etc. are the most commonly available 

conventional construction materials. The selection of building materials should be 

based on its energy consumption, cost, and sustainability with strength requirements. 

If the cost and sustainability could be achieved, the other two can also be attained 

since the strength would be improved with the addition of various ingredients and 

energy required for production. Therefore, cost-effective building materials with 

sustainability are a pertinent topic in the construction industry. Thus, CSEB has been 

considered as one such material that still needs improvements.   

 

There are plenty of research conducted on CSEB with different soil mixtures and 

stabilizers. Most of the researchers have concluded that 15% of clay content would 

give optimum advantages considering their mechanical properties. Combined 

studies considering, varying finer percentage, varying cement percentage and 

different production issues were hardly available. Furthermore, the impact of the 

amount of larger particle was not considered in CSEB production. Therefore, this 

study mainly considered on the consequence of further reducing the finer content 

and controlling other larger particles amounts combined with varying cement 

percentages and various production issues.  

 

Literature has provided evidence that the amount of finer content in the soil as the 

main barrier to achieve the strength and durability requirements of soil-cement 

blocks. Many researchers have selected specified places to obtain suitable soil or 

they have added materials like sand to alter the finer percentage in the soil.  This 

study aims to introduce a method to remove the clay and silt from any soil to make 

blocks with the required strength and durability by washing soils and recycling the 

washed water and reusing the same in the process. With this washing process, it is 

expected to use coarse particles and finer particles for two purposes, namely CSEB 

production and other finer based productions respectively. Figure 1-1 illustrates the 

overall picture of the study considering the process and the project objectives. 
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Figure 1-1: Overall Study Programme 
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1.4. Expected Advantages of the Research Project 

Since the beginning of the civilization, the earth has been used as the principal 

building material. With the developments in the construction industry, many 

alternatives have been introduced. Those are associated with high costs, less comfort 

and unfriendly to the environment. A new trend in the construction industry is the 

use of sustainable building materials targeting green concepts. In fact, CSEB is one 

such green material. Energy consumption for CSEB production is less compared to 

that of burnt brick production while the cement usage is also less compared to that 

of cement blocks with a minimum transport cost for soil for CSEB production since 

they are locally available.  The usage of soil from the construction site itself or its 

surroundings for CSEB production leads to maintain the natural appearance and 

colours that help buildings to integrate into the landscape [24]. Therefore, by 

popularizing CSEB, the above objectives could be achieved. Also, CSEB production 

does not require special skills, machineries and equipment. Experience by local 

people could also be utilized. Furthermore, people could be motivated to start their 

own business, which helps to solve the problems with unemployment to some 

extent. Furthermore, this study suggested reducing the clay and silting content by 

washing which does not require high technological knowledge.  An Existing 

concrete mixing machine could be used as it is or with minor modifications. 

Separated clay and silt could be used for other building materials like bricks and 

roof tiles. Hence, this research showed an innovative approach to produce multiple 

building products with a proven end use.  

 

1.5. Organization of the Thesis 

This thesis has been prepared to provide details and descriptions of the research 

project, Innovative Approach to Produced Soil-based Building Products which was 

conducted as a partial fulfilment for the Degree of Doctor of Philosophy in Civil 

Engineering.  Even though the research focused on soil-based building materials, the 

main concern was the production of CSEB with reduced clay and silt. While 

emphasizing on CSEB, production of other building materials is discussed 
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appropriately. Chapter One discusses the general information about the history of 

earth-based construction materials, especially CSEB, existing problems with CSEB, 

project objectives and its advantages. Chapter Two provides a comprehensive 

literature review. It focuses on related research, their important findings and the 

research gap to be filled with this study. Chapter Three discusses the research 

methodology. It is equipped with all the experimental setup used to achieve the 

project objectives.   In Chapter Four, all the results obtained from experiments were 

deliberated and presented both graphically and in tabular format. Chapter Five 

focuses on cost analysis of products while the Chapter Six concludes the research 

findings emphasizing the experimental results. Also, it provides recommendations 

for further studies.   

 

1.6. Summary 

This chapter briefly discussed the background related to the Compressed Stabilized 

Earth Blocks (CSEB) and the problems associated with the present context to 

produce CSEB. With that, study aim and objectives were identified whilst providing 

an overall picture of the study. Additionally, the intended advantages of doing this 

study were explained too. Finally, it presented the organization of the rest of the 

thesis. The next chapter broadly discusses the findings from the literature related to 

CSEB production with different perspectives. Also, it highlights important aspects 

for burnt bricks and roof tiles since those two building materials are considered in 

this research. 
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CHAPTER 2 : LITERATURE REVIEW  

2.1. General Introduction 

The previous chapter introduced the background to the thesis with a detailed 

explanation of the aim and objectives of the study. Further, the problem in brief and 

the method of achieving the solutions to the issues were stated too. This study 

focused on an innovative approach to produce soil-based building materials. 

Compressed Stabilized Earth Blocks (CSEB) were considered as the main soil-based 

material for the study. CSEB are made of soil with considerable clay & silt (finer) 

content and by adding stabilizers. Some of the important aspects to be considered 

are the effect of clay and silt content on the properties of CSEB. This chapter 

focuses on these basic aspects considered to produce CSEB together with past 

researchers’ recommendations to alter the finer content and the limitations of 

reducing finer content. A considerable number of past research publications were 

reviewed in this regard. In addition, roof tiles and bricks production-related studies 

were also described since this study focuses on producing roof tiles and bricks with 

extracted clay and silt.  

 

2.2. Overall View of the Literature Review 

Figure 2-1 illustrates the overall view of the literature review. The main concern in 

this study was the production of CSEB by reducing the clay and silt content. 

Therefore, this study focused on literature related to CSEB production, its 

mechanical and physical properties, different materials used with main raw 

materials, etc. Also, the influence of soil grading was related to the particle packing 

technology. Other than CSEB, literature was related to roof tiles and burnt bricks 

too.  
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Figure 2-1: Overall Picture of the Literature Review  
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2.3. Use of Earth as a Building Material 

Different constructing substances have been used from the beginning of civilization. 

It is believed that the earliest humans lived in caves. Later, they turned to use 

traditional substances like mud and clay to construct simple dwellings around them. 

Also, wooden substances such as logs, sticks, thatch, brush were incorporated with 

earthen substances. 

 

Aside from natural substances, nowadays concrete, cement-sand blocks, burnt 

bricks, etc. have become the most common composite materials in use. Human 

civilization has developed with various styles of construction materials considering 

the factors like time for construction, labor requirements, design consideration, and 

costs. Furthermore, the construction industry tends to use alternatives like earth 

blocks due to its advantageous features.  

 

Masonry has been used over centuries by builders and architects due to its beauty, 

versatility and durability. The most famous historical symbols such as the Egyptian 

Pyramids, the Colosseum in Rome, India's Taj Mahal, the Great Wall of China have 

been built with masonry. Most of the historical masonry structures have proven that 

masonry is resistant to fire, earthquakes, and sound. At the same time a considerable 

portion of the world’s population live or work in buildings made with earthen 

materials. 

 

Masons widely use burnt bricks and cement-sand blocks as constructing materials. 

In fact, the use of Sun-dried clay bricks as a building material has a history of more 

than 6,000 years. As illustrated by Jayasinghe [25], the availability of raw material 

for the production of bricks and cement blocks are short; hence, many alternatives 

have been developed as walling materials. As per history, earth is a very old 

building material which has been used in different forms like mud, adobe, rammed 

earth and burnt bricks. Interestingly, CSEB has been gaining more popularity due to 

its sustainability and environmental friendliness. Alam et al. [26] have explained by 

referring to many past researches about raw earth being one of the oldest 
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construction materials which is still widely used all over the world even though 

many advanced building materials are available at present. Other than CSEB, mud 

blocks [27], [28] and mud bricks [29] are also used as earth-based building 

materials. 

 

2.4. Compressed Stabilised Earth Blocks 

Compressed Earth Block (CEB) is a building material made with damp soil by 

compressing at a high pressure. They are also known as pressed earth blocks. The 

raw material to form CEB is usually a mix of fairly dry inorganic subsoil, non-

expansive clay and aggregate. Mechanical press is needed to form compressed earth 

blocks. CSEB is an extension of CEB adding a chemical binder such as Portland 

cement [30].   

 

The history of CSEB declares that the architect Franqois Cointereaux in the 19
th

 

century in Europe made the first attempt to form small rammed earth blocks by 

using a hand rammer.  To arrive at a regular block in size and shape with denser, 

stronger and water-resistance, Cinva Ram has been produced in 1950’[31]. After 

that, CSEB production has been receiving considerable attention from researchers to 

enhance their properties. Most of the researchers have considered the production of 

CSEB with natural soil by changing its clay and silt content by adding different 

materials such as sand, fly ash, quarry dust, sawdust, etc. Related research to CSEB 

production is described in the following sections. 

 

Sri Lanka Standard Institution has published standards giving the required 

specification for CSEB  [32], [33], [34]. Similarly, other countries have their own 

setup standards and guidelines to define the requirements related to CSEB.  For 

example, Nepal has its own specifications and norms [35]. 
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2.5. Advantages of Compressed Stabilized Earth Blocks 

Compressed Stabilized Earth Blocks (CSEB) are associated with many advantages 

over other major masonry units such as cement blocks and burnt bricks. It is obvious 

that the production of CSEB needs local materials, which are bio-degradable. Also, 

limiting deforestation could be considered as a major advantage. Walker [7] has 

explained the use of local materials and their maximum utilization as advantages of 

CSEB. Morel et al. [3] also has illustrated many benefits of using CSEB for house 

construction with minimal impact to the environment. Rigassi [36]  has explained 

the major advantages of using CSEB comprehensively. Those advantages cover the 

production process, quality of the product, available standard norms, and 

architectural pleasing. Rigassi [36] further explained the advantages of the use of 

CSEB with its tendency to social acceptance, technical performance, flexibility of 

usage, standards and models, highly practical nature of the technology, genuine 

architectural merit and as an alternative to importation. According to Harris [37], 

CSEB consumes less energy and it is a recyclable material compared to other 

building materials. Some other advantages are; locally available soil can be used for 

CSEB production hence, transport cost is minimum, it produces more aesthetically  

appearance building, and it provides local job opportunities strengthening local 

economy [38]. According to  the explanation given by Jayasinghe et al. [39], use of 

CSEB has many advantages    for developing countries. One major advantage is the 

savings in cost with the construction of wall using CSEB. CSEB walls appearance is 

same as the finish of wire cut bricks. Moreover, local people could engage in block 

production as a small-scale business since the technology requirements for block 

production is fairly less.   

 

The advantages of earth-based building material are discussed in terms of embodied 

energy. Table 2-1 shows the initial embodied energy and CO2 emission for different 

types of earth-based building materials. According to that, embodied energy and 

CO2 emission is less for the wall construction with CSEB compared to the walls 

with other soil-based products. With this less CO2 emission, the adverse effects on 

the environment could be reduced. Also, the manufacturing cost of the unfired 
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bricks is comparatively low with fired bricks [40]. Udawaththa and Halwatura [41] 

have studied the embodied energy of mud block versus bricks and blocks. Their 

findings revealed that mud blocks consume significantly less energy for production. 

They have also shown that the thermal performance of mud blocks is high compared 

to bricks and blocks [42]. Also, Jayasinghe has demonstrated the life-cycle cost of 

CSEB is less or similar compared to other conventional building materials [43]. 

Table 2-1: Energy Emission Comparison between Different Types of Blocks 

 
 

(Source: www.earth-auroville.com) 

 

National Engineering Research and Development (NERD) Centre of Sri Lanka is 

promoting the use of CSEB and they have stipulated several advantages of using 

CSEB. CSEB is an alternative for the use of sand for block making, and for clay for 

brick making. Hence, sand mining and clay mining could be minimized reducing the 

impact on the environment. Houses made with CESB as a green product are 

comfortable due to low heat generation within the house. Also, 15%-50% cost could 

be saved (according to availability of soil).Creating new employment is another 

advantage too [44].   

Walker [7] has emphasized on non-availability of standards and guidelines for 

builders and manufacturers as a major disadvantage. But, sufficient standards are 

now available as SLS 1382 Part I, Part II and Part III [32],[33], [34] in Sri Lanka. 

 

http://www.earth-auroville.com/
http://nerdc.lk/
http://nerdc.lk/
http://nerdc.lk/
http://nerdc.lk/
http://nerdc.lk/
http://nerdc.lk/
http://nerdc.lk/
http://nerdc.lk/
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2.6. Raw Materials for CSEB Production 

Every soil is usually not suitable for making CSEB.  Top soils and organic soils 

cannot be used in this background. According to SLS 1382 [32] definition, suitable 

soil for CSEB production should be with 65% or more sand and gravel with the 

maximum particle size 12mm. Also, 5% to 20% silt content and 10% to 15% clay 

content are necessary. Optimum water content is determined by performing a drop 

test. 

 

CSEB are produced mainly taking soil as the raw material. These soils consist with 

two main parts; inert and active material. Gravel, sand and silt are considered as 

inert while clay is the active part.  Inert materials perform as a skeleton while clay 

acts as a binding agent. This inert: clay proportion should be carefully selected as it 

contributes to the properties of the CSEB [45].  Small amount of finer content is 

necessary for CSEB production since it needs to bind all the particle together. 

However, controlling of maximum clay content is also an important aspect to limit 

the shrinkage to ensure effective stabilization. Therefore, controlling of finer content 

is essential. Content of finer and amount of cement (as a stabilizer) mainly affects 

the compressive strength of CSEB. A finer content of less than 35% has been 

recommended by many researchers, [7], [46], [47], [48], [49], [50],  [51], [52].  

 

Using laboratory testing or field testing, soil should be identified for CSEB 

manufacturing. By performing those tests, the particle size distribution, plasticity 

characteristics, compressibility and cohesion, should be determined and the 

compatibility should be checked with the available standards so that soil could be 

identified as suitable or not. If the available soil is unsuitable for CSEB production, 

it could be modified or reconstituted by adding sand. Fitzmaurice [48] says, there is 

a possibility that an unsuitable soil could be modified by adding sand when there is 

an excess of clay or silt. However, there could be economic issues since sand is 

comparatively expensive. Instead of adding sand to reduce the finer content, some 

researchers have studied alternative materials that can be used to lower the finer 

content [53], [54], [55]. By doing all these things, the researchers aimed to reduce 
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finer content. Preliminary testing done by Malkanthi & Perera [22] shows that soil 

having up to a minimum of 5% clay and silt content could be used for CSEB 

production and it gave significant strength and durability properties. In fact, they 

have shown a method to reduce the clay and silt content by soil washing.  

 

2.6.1. Clay and Silt 

Many soil mechanics related literature mainly classifies soils as coarse-grained or 

fine-grained. Clay and silt are fine-grained soil. The compressive strength of blocks 

with varying clay and silt content and varying cement content is often considered as 

a research variable for CSEB. As Morel et al.[56] mentioned, the compression 

capacity of the masonry structure is governed by the compression strength of the 

masonry units (stone, bricks, blocks).  The Sri Lanka Standard for CSEB has defined 

10% to 15% of clay and 5% to 20% of silt as the required range [32]. It is clear that 

Sri Lanka Standard permits clay and silt to be 15% to 35%, which could be 

determined by a wet sieve analysis.   A hydrometer test is required to determine the 

clay and silt content.  Jagadish et al. [57] have defined 10% to 15% as the desirable 

clay range. According to the research work of Walker [7], compressive strength 

increases with the decrease of clay content (Table 2-2). Other authors also have 

reported similar findings.  

 

As per the results of Walker [7] in Table 2-2, compressive strength is increasing 

with the reduction of the clay content.  Also, it provides evidence that the high 

compressive strength could be achieved with high cement content. However, Walker 

as well as many other researchers have limited clay content to 15% in their studies. 

 

Danso et al. [58] have used fibre reinforcement with two different soil types having 

more than 40% finer content for soil blocks production.  For these selected soil 

types, blocks achieved 3 N/mm
2
 as the maximum compressive strength even with 

fibre reinforcement. 

 



17 
 

Table 2-2: Relationship of Compressive Strength and Clay Content as Presented by 

Walker[7] 

Soil-cement 

ratio 

Clay soil 

content % 

Saturated 

compressive 

strength (N mm
-2

) 

Dry compressive 

strength (N mm
-2

) 

10:1 100 1.45 4.44 

80 1.88 4.22 

70 1.82 5.05 

60 1.74 4.17 

50 2.5 5.37 

40 4.01 7.21 

35 4.37 7.86 

30 4.35 7.12 

25 4.51 6.94 

20 4.58 7.79 

15 4.51 7.14 

15:1 100 0.92 4.73 

70 1.27 4.11 

60 1.47 3.52 

50 1.59 3.00 

40 4.52 6.41 

35 3.38 4.40 

30 3.01 4.49 

25 3.02 3.93 

20 2.87 5.42 

15 2.87 5.39 

20:1 100 0.66 5.07 

80 0.85 3.58 

70 0.80 2.53 

60 0.80 2.84 

50 1.32 2.93 

40 2.38 3.88 

35 2.68 3.54 

30 2.34 4.21 

25 3.12 4.84 

20 2.99 4.43 

15 2.91 - 
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2.6.2. Gravel and Sand 

Gravel and sand in soil are usually considered as coarse particles. Sand particle size 

varies from 0.06 to 2 mm. It shows frictional behaviour in a dry state and a good 

cohesion property with moisture. The shape of the blocks can be ensured due to the 

cohesiveness of clay in the soil. The gravel particle size varies from 2 to 20 mm. 

Also, the behaviour of gravel does not show a significant difference in the dry state 

with the presence of moisture.  

 

The main concern of most research work in the past was controlling the finer content 

of the soil to make CSEB. The focus on changing the amount of gravel, sand or 

gravel and sand is negligible.  The effects of coarse particles on properties of CSEB 

have not been considered.  The Sri Lanka standard for CSEB has put only a 

minimum limit of 65% for sand and gravel [32].  This limitation is given with the 

purpose of controlling the finer content rather than controlling sand and gravel 

 

2.6.3. Water Content 

There is no specified water content defined in Sri Lanka standards for the 

manufacturing of CSEB, while the drop test has been introduced as the controlling 

method.  It helps to control the water content which leads to optimum moisture 

content. Jonathan [59] have investigated the optimum water content for earth-based 

construction materials. The quality and the quantity of water have a greater 

influence on the strength of CSEB. Hence, it should be with drinking water quality 

without salty or brackish [35]. 

 

Swapna [60] has also emphasized on the quality of water as another essential factor. 

Quality of drinking water that is free from suspended particles and dissolved 

contaminants was recommended in this context.  Various researchers have 

performed various tests on water like pH test, Hardness test, and Chloride tests. 
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2.6.4. Soil Stabilization 

The concept of stabilization of soil as a walling material is not a novel method and 

goes back a few decades in history. Fitzmaurice [48] has clearly explained this 

concept. Stabilization is defined as a means of adding admixtures with soil with the 

intention of improving its volume stability, strength, permeability and durability 

[61]. Mechanical stabilization, physical stabilization, and chemical stabilization are 

the commonly employed stabilization methods. Through mechanical stabilization in 

the form of compaction, density and compressive strength could be improved by 

changing the structure of the soil. Physical stabilization includes sieving of soil to 

remove unnecessary and large particles, which leads to changing composition and 

texture. Chemical stabilization is the addition of other binders [62].  Stabilization 

has another different classification, such as chemical stabilization or fibre 

reinforcement [18]. Manufacturing of CSEB usually is carried out with soil 

stabilized using cement, lime or other suitable chemicals. Extensively used stabilizer 

is Portland cement since it has the ability to reduce the liquid limit. In addition, it 

helps to increase the plasticity index resulting in more workability of soil. 

Furthermore, with the addition of cement, the cohesiveness of soil may increase 

causing higher compressive strength. 

 

The quality of the soil and project requirements determines the type of stabilizer 

needed. Plasticity of soil is an important factor for stabilization and the main 

function of the stabilizer is reducing the swelling properties of soil [63]. Cement is 

the preferred stabilizer for sandy soils and to achieve a higher strength quickly. Lime 

is suitable for clayey soil and takes a longer time to harden. Many past researchers 

have studied the properties of CSEB with varying stabilizers and quantities. As 

Fitzmaurice [48] explained, the addition of a stabilizing agent makes soil strong and 

durable and it enables the material to retain its shape. Also, Portland cement is the 

widely used stabilizer and it reacts chemically or physically with the soil 

constituents to give stable, rigid products in the presence of water. To get the 

maximum benefit from the stabilizer, it should be thoroughly mixed with clay [26]. 
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SLS 1382 [32] recommends 5% cement as the minimum amount for the 

stabilization. However, Walker [7] has emphasized that the use of more than 10% of 

cement as a stabilizer is not economical.  Also, the use of less than 5% of cement is 

often too fragile for secure handling.  Alam et al. [26] also have concluded the same 

5-10% range for cement and lime stabilizer. Michael et al. [18] as explained, the 

cement stabilization is generally in the range of 3-10%  and more than 7.5% cement 

is not cost-effective for low-cost housing projects with the support of many other 

research. Rigassi [36] also suggested 5-6% of cement stabilizing to obtain 

satisfactory results. Heathcote [17] has explained the mechanism of soil stabilization 

with cement to reduce the plasticity of the soil with the addition of small amounts of 

cement. He has shown that the addition of more cement leads to enhancement of 

strength similar to granular soil. Further, his studies showed a strong linear 

relationship between strength and cement content. In a study conducted by Swapnil 

[60], increment of compressive strength from 1.45 MPa to 2.42 MPa was noticed for 

0% to 10% cement stabilization respectively. Walker’s study [7] based on different 

clay content and different cement content as stabilizer also present similar 

behaviour, as shown in Figure 2-2 (Based on data available in Table 2-2). 

 

Figure 2-2: Relationship of Dry Compressive Strength and Clay Content as per 

Walker [7] 
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Other than the conventional stabilizers, some researchers have tried other alternative 

stabilizers. Rasvi et al.[64] have used waste burnt brick powder as the stabilizer. 

Their studies show that burnt brick powder and ash from brick kiln could be used as 

a soil stabilizer to improve soil properties. Türkmenet al.[65] have used gypsum as a 

stabilizer for earth bricks. Their studies showed a significant improvement in 

compressive strength and shrinkage of bricks with gypsum. 

 

Not only the stabilizers, block performance depends on the energy requirement for 

compaction, characteristics of soil such as particle size distribution and plasticity 

limit, liquid limit, moisture content,  drying regimen and other factors also have a 

significant impact [66]. 

 

2.7.  Characteristics of CSEB 

Many past researchers have tested characteristics of CSEB. However, the available 

standards are limited.  SLS 1382 specifies physical characteristics as mentioned in 

Table 2-3.  

 

Most of the researches focused on improvement of physical and mechanical 

characteristics by changing the soil content, cement content and adding different 

additives.  Based on the studies by Venkatarama & Kumar [51], [52] on compressed 

stabilized rammed earth (CSRE), strength and performance were influenced by 

grading characteristics and composition of soil, dry density, amount of cement, etc. 

Similar argument could be made for CSEB too. 
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Table 2-3: Physical Characteristics of CSEB (SLS 1382; Part 1) 

 

 

2.7.1. Compressive Strength 

The compressive strength of CSEB has been investigated by many researchers since 

it is the most dominant feature of blocks [7], [38], [51], [52], [56], [67]. It normally 

depends on soil type, stabilizer and compaction pressure. Compressive strength is 

usually tested as dry and wet. Wet compressive strength is generally weaker than the 

dry strength as shown by many researchers mainly Walker [7] and Heathcote [17].  

Bahar et al. [68], have explained, the wet compressive strength is about 60% of its 

dry compressive strength. Most of the literature provides evidence for the increment 

of dry compressive strength with the decrease of clay and silt content. As Heathcote 

[17] explained, with the same cement content, compressive strength could vary 
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significantly. Even with 0% cement content, strength could vary widely (Figure 

2-3). 

 

Figure 2-3: Compressive Strength Variation with Clay Content as per Heathcote 

[17] 

The influence of cement stabilization on compressive strength was largely tested by 

many researchers. Figure 2-4 is the comparison made by Morel et al.[56] based on 

previous studies. 

 

Figure 2-4: Effect of Cement Content on Compressive Strength 
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2.7.2. Durability  

The effect of finer content on compressive strength has been studied by many 

researchers. However, durability issues associated with soil blocks have not been 

addressed sufficiently.  

 

Use of soil-based construction is usually considered as a low-quality construction 

method targeting the lower income community compared to other masonry and 

reinforced concrete. The main durability issues associated with soil blocks are 

caused due to lack of water-resistance of soil blocks and erosion [68]. 

 

Water absorption is usually a phenomenon that is governed by the amount of clay in 

the soil used as well as the cement content used as stabilizer. High water absorption 

leads to reduction in both strength and durability of earth bricks. Hence, the 

determination of rate of water absorption of earth bricks is of prime importance to 

ensure the required properties of earth bricks [38]. As per McGregor et al. [69], 

stabilization mechanism relates to water absorption. Danso et al. [58] have also 

tested on wearing resistant  of soil blocks and erosion only for high clay and silt 

contents. Therefore, it is important to re-visit the aspects of clay and silt, its role in 

making blocks and its compressive strength. Rigassi [36] has illustrated the effects 

of clay and silt on CSEB. Further, Rigassi has suggested apparent density, thermal 

insulation   and durability should be tested other than the main characteristics such 

as dry and wet compressive strength. Further, he has explained the importance of 

focusing on durability and maintenance of the finished building considering factors 

such as the properties of raw materials used, the method of processing soil into a 

building material, and energy requirements for block production.  

 

The durability of masonry units directly relates to the decay of the physical 

properties of the conventional building. As a result, essential properties to be 

evaluated include fire resistance, weather strength, and the impact of other 

accidental and environmental factors. As per ASTM Test [70], durability generally 

satisfies by 6 -7% cement content except for those with very high clay content. 
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Walker [7] also has proved this with wire brush test and drying shrinkage test. 

Drying shrinkage results are shown in Figure 2-5. 

 

Effect on shrinkage with curing time has been tested by Bahar et al. [68] and, their 

results showed that shrinkage increases significantly during early days irrespective 

of the stabilization. After that, the increment of shrinkage is low. Hence, curing for 

the early days reduces the drying shrinkage and cracking.  

 

 

Figure 2-5: Relationship between Average Drying Shrinkage and Clay Content: 

Walker[7] 

 

The durability of CSEB could be explained in terms of different particle sizes in the 

soil. Particles of sizes varying from 0.002 and 0.06 mm are silt and it does not show 

cohesiveness. It does not significantly contribute in bonding the particles of CSEB.  

It has cohesive properties in the presence of water, but it swells and shrinks as the 

moisture level varies. For the durability  of CSEB, swell and shrink are not viable 

criteria. This property is also present in gravels and sands, and the presence of silt in 
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CSEB differentiates it from cement: sand blocks. In CSEB, however, silt fills the 

voids left by gravel and sand, increasing density. In the presence of cement as a 

bonding agent, the end result is an improvement in compressive strength. 

 

Clay behaves differently than silt, sand, and gravel. It has particles that are less than 

0.002 mm in size and has coherent properties. This cohesiveness is caused by a thin 

layer of water coating the clay particles. It also aids in the formation of a bond 

between all clay particles and the sand and gravel particles. Clays, unlike sands and 

gravel, are more susceptible to humidity changes. Clay absorbs more water in high 

humidity, creating a thin layer of water and losing compressive strength after 

reaching the maximum moisture content. These cracks cause water to seep in later 

and reduce the compressive strength of the material.  The presence of cement in 

CSEB acts as a moisture buffer, maintaining the compressive strength and toughness 

of the material. A more scientific approach for this effect of swelling and shrinkage 

of clays explained by general soil mechanics theory where it says moisture content 

which is less than the “liquid limit” clay display cohesiveness while moisture 

content more than the liquid limit clay act similar to a liquid, thus losing all its 

cohesiveness. 

 

2.7.3. Dry Density 

Maximum dry density is derived in terms of water content and the compact effort for 

a given soil.  Compaction helps to increase the soil density by decreasing the air 

volume within soil particles. The dry unit weight usually varies with the water 

content for a given compact effort which is not linear. Firstly, the unit weight 

increases and comes to a maximum level then consequently it decreases.  The 

corresponding water content for the maximum unit weight is the optimum water 

content [71]. 

 

Mechanical effort made to manufacture CSEB depends on the type of soil block and 

the type of machine.  In the case of mud concrete, less effort is made to increase the 
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compressive strength thus generally it requires a higher cement content such as 8% 

or more to get an acceptable compressive strength.  On the other hand, hydraulically 

operated machines put pressure of more than 21 N/mm
2,
and the original soil volume 

is reduced by about half in manufacturing CSEB [30].  The civil engineering 

construction applications using soils such as road sub-base, dams and other 

structures use mechanical effort to improve the compressive strength of soils. 

Proctor compaction test gives the best measurement for density, moisture and 

mechanical effort and the relationship between different types of soils is shown in 

Figure 2-6 [71]. 

 

Figure 2-6: Optimum Densities of Different Types of Soils 

 

It is important to note that well-graded sand has the highest compressive strength 

while uniform sand has the lowest.  As the content of clay increases, the optimum 

density drops suggesting that there is an optimum clay content to balance the dry 

density and the compressive strength.   Walker [7] has given experimental results of 

different soils for density and compressive strength. Heathcote [17] also has reported 

similar findings.  This work clearly shows that to achieve better density and 

compressive strength, it is best to keep the clay content as minimum as possible. 

Technically, a clay content of 0% is best but due to other variables, there is an 

optimum clay content. 
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2.8. Compaction Methods and Production Alternatives 

The primary goal of soil compaction is to increase the density of the soil, lower the 

voids ratio, decrease soil porosity, water permeability, and water resistance, and 

improve its resilience [68]. Also, dynamic compaction, static compaction and vibro-

static compaction are the main compaction methods.  

 

Today’s construction equipment market is equipped with varieties of block making 

machines. The block properties usually depend on the compaction ratios that are 

achieved in those machines. However, those machines are costly. Hence, the 

affordability of highly sophisticated hydraulic or motor operated machines is less for 

developing countries like Sri Lanka. As a result, a plain, cost-effective manually 

operated machine with a high compaction ratio should be chosen [50]. In fact, 

AURAM RAM and CINVA-RAM are popular and commonly available machines. 

 

SLS standard [32] defines the minimum compaction ratio (height of mould/ height 

of block) as 1.65.  Machines could be either manual or mechanical presses while 

volume or weight batching could be used to maintain the compaction ratio.  

 

2.9. Curing Methods 

Curing is essential to gain the compressive strength to its maximum. When cement 

is used as a stabilizer, curing is essentially required for the hydration process of the 

cement during the different ageing periods up to 2 months giving strength to the 

block. Also, for stabilized blocks, effective movement of stabilizers within the block 

occurs with proper curing.  

 

After making the blocks, curing is the main function. The first seven days is the 

period for primary curing of the blocks. It is done by sprinkling water regularly and 

covering with polythene [7]. After seven days, blocks could be stacked under 

polythene to complete the curing process. 
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Rigassi [36] suggested that cement stabilized blocks must be kept in a humid 

environment for at least seven days. To prevent the forming of shrinkage cracks, 

quick drying of the surface of the blocks should be minimized. Therefore, the blocks 

should be covered from the direct sunlight and the wind. Covering using 

waterproofing plastic sheets is also a satisfactory method of curing to maintain 

100% relative humidity.  After 28 days, strength improvement is not significant.  

High temperatures increase the strength obtained, and black plastic sheeting can be 

used to raise the temperature. 

 

As per SLS standard [32], blocks would be usually kept moist for 14 days by 

sprinkling water daily and covering with a polythene sheet. Direct sun and wind 

should be avoided in this context. The blocks shall remain undercover for further 14 

days before construction to allow sufficient strength development and initial 

shrinkage to take place. Compressive strength gain is usually related to the curing 

age. Wasiri et al. [67] have shown, based on experimental data, that the compressive 

strength increases with curing age. 

 

Steam curing is also one productive method and the use of steam curing process 

could lead to quick production of stabilized soil blocks. The blocks could be made 

ready for use in construction within three days of moulding [72]. However, it is an 

energy-consuming method compared to wet curing and air-drying curing.   

 

2.10. Durability of Walls with CSEB 

Durability refers to a building's and its parts' ability to perform their necessary 

functions over time and under the control of agents [73]. Thus, the durability of 

walling material is a key to make sure the long life-span of a building, i.e., with high 

durability. Compressed Stabilized Earth Blocks are made with soil adding different 

ingredients to improve its performance characteristics.   Properties of soil are the 

dominant factor for CSEB properties. There are many research studies conducted on 

the amount of clay and silt content to get more strength and durability. Many of the 
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researchers have concluded that the clay and silt content of 5-20% would give 

desirable properties for the strength of blocks while durability still remains as an 

issue. Arandara & Jayasinghe [74] also have shown that the strength is proven as 

adequate but there are still issues with durability. There are many studies that have 

been done related to durability of CSEB considering various properties related to 

durability and the following sections explain those. 

 

2.10.1. Durability Problems  

Arandara & Jayasinghe [74] have identified cracks on plaster, water absorption, 

erosion of walls due to heavy rain, separation of wall plaster and inadequate plinth 

level as major durability issues associated with CSEB walls. They have also 

highlighted that the un-stabilized or less-stabilized CSEB is a major reason for these 

problems. CSEB contains a certain amount of clay and silt even after stabilization 

which causes cyclic expansion and shrinkage [49]. Therefore, linear expansion on 

saturation and weight loss of blocks needs to be considered. Rainwater absorption is 

another problem in this background.  Walker has mentioned that [7], governing 

factor for drying shrinkage of CSEB is the plasticity index. That is drying shrinkage 

tends to increase with the increase of clay and silt content. Also, Walker showed that 

drying shrinkage increases even at low plasticity with the increase of cement 

content.  Cement stabilized blocks usually give high compressive strength. 

However, Islam et al. [75] have shown that durability issues cannot be solved with 

cement stabilization when the clay content is high which is effective in increasing 

the strength but ineffective in improving the ductility of the blocks. 

 

The durability of CSEB wall is an important aspect in this study. Hence, the 

properties related to the durability of CSEB were given a vast attention. Also, it is 

necessary to identify the related test for CSEB. Table 2-4 provides an overall idea of 

all these aspects. 
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Table 2-4: Summary of Literature Review on Durability of CSEB 

Author(s) Used soil 

properties  

Factors 

studied  

Method 

adopted 

Conclusion  

Kariyawasam 

& Jayasinghe 

(2016) [76] 

Sandy 

lateritic 

Gravelly 

lateritic 

Clayey 

lateritic  

Wet 

compressive 

strength,  

 

 

water  

absorption,  

 

 

 

 

accelerated 

erosion  

Strength testing 

after soaking in 

water for 24 

hours 

 

Water absorption 

compared to dry 

mass after 

soaking in water 

for 24 hours  

 

accelerated 

erosion test 

Blocks made with Sandy 

lateritic soil show wet/dry 

strength ratio of more than 0.4 

(As per SLS 1382) 

 

Blocks made with sandy 

lateritic soil show less than 

20% water absorption with 

more than 2% of cement 

stabilization 

 

Less than 10mm when 

widespread stabilizer is above 

2% of cement 

Arandara & 

Jayasinghe 

(2007) [74]  

Soil blocks 

and 

rammed 

earth 

houses 

Durability 

problems 

Field survey by 

visual inspection 

Identified issues are; cracks in 

wall plasters, water 

absorption, erosion of walls 

due to driving rain  

Esther et.al 

(2010) [77] 

Soil with 

13 % finer 

stabilized 

with 

different 

stabilizers 

Depth of 

erosion and 

Rate of 

erosion  

Erosion test Cement stabilized soil blocks 

having less depth of erosion 

and rate of erosion compared 

to lime and fibre stabilization 

but higher than the 

interlocking blocks.  

Reddy & 

Latha (2014) 

[49] 

Coarse-

grained soil 

and fine-

grained soil 

 

 

 

 

 

 

 

Weight loss 

 

 

 

 

 

 

Rate of 

water 

absorption  

Cyclic wetting 

and drying test 

 

 

 

 

 

Soaking duration 

in water  

Lowest weight loss for CSEB 

is reported when optimum 

clay contents are 10.5% and 

14% for fine-grained and 

coarse-grained soils 

respectively.  

 

At optimum clay contents, 

water absorption is 14% and 

18% for CSEB using coarse-

grained and fine-grained soil 

respectively 

Walker (1995) 

[7] 

With a 

board 

spectrum of 

plasticity 

characterist

ic, formed 

by mixing 

clay soil 

and river 

sand  

Saturated 

compressive 

strength  

 

 

 

 

Resistance 

to 

weathering 

 

 

 

 

 Saturated compressive 

strength decreased with 

reduction of cement and 

increasing plasticity index. 

Reduced with increasing clay 

content. 

 

Durability improved with 

increasing cement content and 

reduced clay content. 

Adequate durability was noted 

when the plasticity is below 

15-20. 
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Drying 

shrinkage  

When plasticity index below 

20, steady increase in drying 

shrinkage and when plasticity 

index exceeded 20, drying 

shrinkage increased rapidly.  

 

Bahar et al. 

(2004) [68] 

Finer 62% 

Sand 

30.3% 

Grave 

7.7% 

Added sand 

to modify 

the soil  

Shrinkage  

 

 

 

 

Permeability 

 

 

Water 

absorption  

 Minimum of 0.74mm for 15% 

cement and 5% sand. 

1.12mm for 5% cement and 

15% sand. 

 

Permeability is decreasing 

with increased cement content. 

 

Water absorption is increasing 

with increased cement content. 

 

2.11.  Application of Particle Packing Technology for CSEB 

As per the past studies, most of the researchers have added different ingredients to 

improve the performance of Compressed Stabilized Earth Blocks.  Mainly, 

properties of soil are the dominant factor for CSEB properties. Various researchers 

have found different soil particle combinations and ingredients. Particle packing 

technology is one important aspect of concrete technology to select appropriate sizes 

and shapes of aggregates. The purpose of this section is to review particle packing 

technology and its application in different areas and to match it to CSEB production. 

 

2.11.1. Concept of Particle Packing Density 

Particle packing technology considers optimizing different particle sizes and 

amounts to increase the particle packing density [78]. It also states that the degree of 

how well the solid particles of the aggregate are evaluated in terms of packing 

density is the packing of aggregates for concrete [79]. The ratio of the aggregate 

particles' solid volume to the bulk volume filled by the aggregate is known as 

packing density. Figure 2-7 shows the particle packing concept. Figure 2-7 (a) 

shows the large particles have filled the container with large voids, and then smaller 
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particles are filled to reduce the void (Figure 2-7 b). After that, tiny particles are 

filled to reduce voids furthermore to increase the density (Figure 2-7 c).  

 

 

 

 

 

 

Figure 2-7: Illustration of the Particle Packing Concept [80] 

 

When well-graded soil is used for the CSEB, it is more useful to increase the 

mechanical properties of the soil blocks.  To increase the packing density, particles 

should be chosen to fill the voids between large particles with smaller particles. The 

concept of particle packing optimization has been used by researchers in the field of 

concrete technology like high-performance concrete [81] and interlocking paving 

blocks [82]. These researchers have focused on an ideal grading curve, which 

represents the grading with the greatest density. By selecting a proportion so that the 

soil grading represents an ideal curve, particle packing could be improved.  

 

Different past studies are available worldwide on particle packing density with this 

optimization concept. All this research falls under one of the following particle 

optimization methods. 

 

1. Optimization curves: Groups of particles, with a specific particle size 

distribution, are combined in such a way that the total particle size distribution of the 

mixture is closest to an optimum curve. The following are such optimization curves. 
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     (
 

    
)
 

  ---------- Equation 2-1 

Fuller and Thompson (1907) cited in Fennis (2012) 

Where; 

P(d)= size cumulative distribution function 

d= particle diameter being considered (m) 

dmax= maximum particle diameter in the mixture (m) 

q= parameter (0.33-0.5) which adjusts the curve for fineness or coarseness 

Fuller used Equation 2-1 with q=0.5 and Andreasen (1930) cited in Fennis (2012) 

suggested q in a range of 0.33-0.5.  

Equation 2-1 was modified by Funk and Dinger (1980) as in Equation 2-2 with the 

adjustment factor q=0.37 for optimum packing. 

qq

qq

dd

dd
dP

minmax

min)(



  ---------- Equation 2-2 

d min = minimum particle diameter in the mixture (m) 

Other than the above two equations, Power [83] has proposed a maximum density 

line. It gives a direction to select correct proportion of aggregates to get the 

maximum density. Figure 2-8 shows the graphical representation of Equation  2-1, 

Equation 2-2, and power line taking particle size between 0.075 mm and 12 mm. 



35 
 

 

Figure 2-8: Graphical Representation of Theoretical Optimization Curves of Particle 

Packing  

 

Fennis and Walvaren [78], have shown with their experiments that when the packing 

density is high, a high compressive strength could be achieved and full experimental 

results are shown in Table 2-5.  
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 Table 2-5: Experimental Results by Fennis and Walvaren (2012) 

 

2. Particle packing models: these are analytical models that calculate the overall 

packing density of a mixture based on the geometry of the combined particle groups. 

These models are discrete; hence, it considers definite sizes of different particles.  

 

3. Discrete element models: these are simulation of virtual particle structure 

from a given size distribution. 

Considering the nature of the above mentioned three optimization methods, 

optimization curve is used to compare the soil used in this study. 

 



37 
 

2.12. Use of Fly Ash for CSEB Production 

Fly ash is a small, glass-like material that is recovered from gases emitted by coal-

fired power plants. The particles are usually spherical in shape and vary in size from 

0.5 μm to 100 μm [84]. SiO2, Al2O3, Fe2O3 and occasionally CaO are the main 

chemical components present in fly ashes [85]. 

 

Fly ash is one soil stabilizing agent which occurs naturally from the coal combustion 

process, and has shown similar characteristics as volcanic ash. In modern coal 

combustion plants, combustion temperature reaches approximately 2800 F. Bottom 

ash and fly ash form non-combustible minerals, which naturally occur from burning 

coal. The flue gases from coal-burning carries off the fly ash which is collected and 

stored in silos for further uses. 

 

Because of its cementitious value, fly ash is used in a number of applications. It 

reacts chemically in the presence of water and forms cementitious compounds, 

which contribute to the strength and compressibility of compacted soils. It has a long 

history as an engineering material, and it has been used successfully in geotechnical 

applications [86]. Fly ash could increase the strength and durability, since it is able 

to handle itself to greater loads. Also, it is more resilient and lasts longer. It could 

withstand chemical attacks such as salts, soil sulphates etc. Spherical shape of fly 

ash particles provides good workability, and it has an ability to reduce the concrete 

setting time. The use of fly ash provides many positive environmental impacts; it 

conserves landfill spaces, leads to reduction of greenhouse gases. 

 

Fly ash has little cementitious properties compared to cement and lime. Most of the 

fly ash is classified as secondary binders, which cannot induce the desired effect 

when they stand alone. However, the presence of activators could form a 

cementitious compound that would be able to improve the strength of soil [87]. The 

highest compressive strength of CSEB was achieved when it was incorporated with 

10 % of fly ash. The lowest water absorption was experienced by CSEB  when the 

fly ash percentage was 15% [88]. 
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ASTM C618 [89] has classified fly ash into three classes; class N fly ash, class F fly 

ash and Class C fly ash. The major differences between these classes are the 

percentage of calcium, silica, alumina, and iron content in the ash. Fly ash is a 

product that is created by burning coal, thus it is the properties of coal that affect the 

properties of fly ash. ASTM C618 defines the chemical and physical requirements 

for these three classes. Table 2-6 illustrates the chemical requirements of fly ash in 

different classes as per ASTM C 618. 

Table 2-6: Chemical Composition of Fly Ash 

 

Class N fly ash is raw or calcined natural pozzolans. Class F fly ash are produced 

from the burning of harder, older anthracite and bituminous coal. This type of fly 

ash shows a pozzolanic character in its natural condition and contains less than 7 % 

of lime (CaO). Class C fly ash is produced from the burning of younger lignite or 

sub-bituminous coal. It has pozzolanic properties, and it shows self-cementing 

properties. This type of fly ash hardens and gets stronger over time when coming 

into contact with moisture. In the natural condition, it contains more than 20 % of 

lime (CaO). It has more content of alkali and sulphate too. 

 

2.12.1. Use of Fly Ash for Building Materials Production 

Literature proves that fly ash has been used for many building material productions 

like bricks, blocks roof tiles, etc. This section explains the test results of a few of 

those studies. 
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Aakash and Davendra [90] have used fly ash for clay bricks production in the field. 

They have used fly ash range from 5-50% from wet mass of soil. Results show the 

variation of dry compressive strength as shown in Figure 2-9. As per test results, 

15% fly ash replacement has given a high compressive strength. According to [90], 

water absorption is also minimum when the fly ash content is 15%. As a conclusion, 

they have suggested that fly ash bricks give a satisfactory performance as load-

bearing elements when 15% fly ash mixing with 85% clay. Therefore, a 

considerable amount of disposal fly ash could be used in an efficient and profitable 

way.  

 

Figure 2-9: Compressive Strength Variation with Fly Ash [90] 

 

Andreas [91] has studied on development of low-cost fly ash bricks. For that, three 

different fly ash/sand combinations namely; 50/50, 70/30 and 90/10 with Liquid 

Sodium Silicate (5, 10, 15 and 20%) have been used. This study has revealed when 

the fly ash contribution is high, a high compressive strength could be achieved, but 

desirable water absorption could be achieved with the minimum usage of fly ash 

(50%).  
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Karthik et al. [92] have used fly ash as a stabilizer to improve the soil properties. 

They have suggested, the use of a small addition (3% to 9%) that would improve 

soil properties and 6% gave the optimum results. 

 

Egenti et al. [93] have used high carbon fly ash for compressed earth blocks. As per 

their studies, they have varied the fly ash content from 0%- 50% in 10% interval 

keeping cement content constant. Blocks with 0% fly ash have shown the maximum 

compressive strength and lowest water absorption. While using fly ash, they have 

concluded that 25% of fly ash gives an optimum compressive strength.  

 

Thushar et al. [94] have used both lime and fly ash for soil blocks. They have shown 

that the unconfined compression strength of the laterite soil with 5% fly ash and 

15% lime was found to be around 2.5 times more when compared to the strength of 

natural laterite soil sample. Also, they have shown, the average compressive strength 

of the blocks tested after 28 days of curing period was more than the minimum 

compressive strength of fired bricks as per IS: 1077 (1992). The water absorption 

value obtained for 28 days curing period was below the minimum value as specified 

in IS: 1077(1992). 

 

2.13. Lime Stabilization for Compressed Stabilized Earth Blocks 

Lime is the oldest stabilizer known to man. When lime is applied to clayey soil, the 

properties of the soil alter. That is, the calcium ion in lime interacts with the metallic 

ion in clay soil, resulting in cat-ion exchange. As a result, a diffuse hydrous double 

layer surrounds the clay particle. Electrical density varies around the particle as a 

result of this layer, bringing the particle closer together and creating flocks known as 

flocculation. This is the main factor influencing the engineering properties of lime-

treated clay soils [95].  

 

When lime is added to the clayey soil, lime initially satisfies the affinity of the soil. 

There is no lime that remained for the pozzolanic reaction before it satisfies the 
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affinity of the soil. It is called lime fixation, with lime addition to clay soil it fixes to 

the soil and prevents it from conducting any other reactions. The lime fixation has 

an optimum level of lime. Above this optimum level the plastic limit remains 

unchanged but helps to improve the strength of the soil [95]. 

 

After the cat-ion exchange, the other reaction that takes place is between silica and 

aluminium in the clay material. The addition of lime creates an alkaline environment 

that produces aluminosilicate, which is slowly solution and they are the precipitation 

at the hydrated cementations reaction. The reaction takes time and the strength 

development occurs gradually and for the maximum reactivity, pH of the pore fluid 

in the voids should be around 12.4 [95]. In the lime stabilization aluminium, clay 

compounds react as the pozzolanic material. Pozzolanic is the inorganic compound 

which hardens in the water if it is combined with lime [11].  

 

In the past researches different ranges of lime percentages were used as a stabilizer, 

Alavez-Ramirez et al. [54] used lime only, lime combination with sugarcane 

baggase ash (SBA) and cement only as stabilizers for CSEB production. The 

plasticity index and the liquid limit for the soil were 12% and 25.28% respectively. 

Clay percentage of the soil was 23.1 and the silt percentage of the soil was 4.3. Soil 

type was sandy clay. 7 days, 14 days and 28 days compressive strength were 

checked for the CSEB. Alavez-Ramirez et al. [54] used 10% lime without SBA as a 

stabilizer and got 28 days dry compressive strength as 16.5 Mpa. For 10% cement 

23.5 Mpa of compressive strength was achieved. Miqueleiz et al. [96] used highly 

clayey soil for the production of CSEB, lime used as the stabilizer between 3%-18% 

with 3% increment; highest 7 days compressive strength achieved as 6 Mpa for 9% 

lime, highest 28 days compressive strength achieved as 8 Mpa for 15% lime, high 90 

days compressive strength achieved for 18% lime as 12.5 Mpa. Raheem et al. [97] 

used laterite soil sample for CSEB preparation and lime was used as stabilizer with 5 

– 25 percentage. High 7 days compressive strength was achieved as 0.6 Mpa for 

10% lime and high 28 days compressive strength was achieved as 1.25 Mpa for 10% 
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lime. Also cement stabilization was compared at the end of the conclusion, the 

conclusion was that cement stabilization was better than lime stabilization.  

 

Guettala et al. [20] used 8% lime as a stabilizer and varied the percentage of sand 

from 0 to 40%. The dry compressive strength of 40 percent sand (clay 21.6 percent) 

was 15 MPa, and the wet compressive strength was 5 MPa. Bell [95] used 0-10 

percent lime to stabilize the CSEB, and the optimal percentage of lime was found to 

be between 4 and 6 percent. Ngowi [98] used 0-15 lime percentage as a stabilizer 

and got the optimum level at 15%. Akpokodje [99] used different types of soil with  

different clay and silt percentages and lime was used as one of the stabilizers with 

the percentage of 0- 12. For the clay and silt percentage of 85%, 64%, 41%, 30%, 

29% high strength was achieved at lime percentages of 12%, 6%, 10%, 12%, 12% 

respectively. Izemmouren et al. [100] used lime and natural pozzolans for their 

research. 6%, 8%, 10%, lime was used in this research the clay and silt percentage in 

the soil was 57.4. 10% lime contributed to the maximum 28 days compressive 

strength with 4.8Mpa of dry compressive strength and 3.4 Mpa of wet compressive 

strength. Bogas et al. [101] indicated from the past research reviews, 6-12 lime as 

the effective average percentage.  

 

2.14. Soil Washing Procedure 

Soils having considerably high clay content are difficult to use as a construction 

material. Usually, Compressed Stabilized Earth Blocks need maximum 25% clay 

and silt content to get the desired properties. Soils with considerably high clay 

content are not appropriate even for backfilling work. In Sri Lanka, such soils are 

available in plenty arising as waste material from large-scale civil engineering 

projects such as expressway constructions. These soils contain more than 40% clay 

and silt content.  

Separation of clay by washing is not an easy method. Most of the industrially 

available washers are used for sand washing. In other countries, very large-scale 
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plants could be seen as soil washers. These washers are used mainly in the sand 

mining industry. 

 

In the world, there are large-scale soil washing plants which implement soil 

separation into fractions of different particle size. Most of them are done to clean 

contaminated soils. In the process of soil remediation, soil washing was used as a 

volume reduction method. 

 

In the soil washing, hazardous materials are removed and they are concentrated into 

a small volume. The contaminants mostly contain in silt and clay of soils. Thus, to 

remedy contaminated soils first it needs the separation of silt and clay from sand and 

gravel [102]. It can be done by soil washing. After that, the reduced volume with 

highly contaminated soil fraction could be disposed by an appropriate method 

according to the regulations. In soil, the more there are silt and clay, the more 

difficult it will be to separate particles into fractions according to size. Soil washing 

can be used as a volume reduction technique to reduce the final volume up to 10% 

of the initial volume. Hence, further treatment of the volume could be greatly 

reduced. The hazardous contaminated soils could also be treated on-site. A wide 

variety of contaminants could be removed using the soil washing method. 

 

Separation of clay, silt and sand fractions from soil has been described by [103], 

[104], [105]. This was done by sieving, sedimentation procedure and 

electrophoresis. To separate soil particles from each other the bond between 

individual soil particles needs to be disrupted. The agents responsible for the bonds 

are known as "cementing agents". Commonly available cementing agents in most 

soils are listed by Baver [106] and they are organic matter, colloidal clay, and 

dehydrated colloidal oxides of iron and aluminium. The difficulty to disrupt the 

bond depends according to the soil type. Different types of chemical and mechanical 

methods are used to separate these bonds. 
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The clay and silt separation proposed for this study is through soil washing while the 

used water could be re-usable. For that water should be treated too. Alum and 

polymer are industrially available water treatment agents. These alum, polymer or 

combination of alum and polymer act as turbidity removal agent [107], [108], [109], 

[110], of water. 

 

2.15. Clay Roof Tiles and Bricks Production 

Sun-dried or burnt-bricks, roof tiles and ceramic tiles are produced using clay as the 

raw material. The heterogeneous property of brick due to clay could incorporate a 

significant percentage of waste material to its body [111]. Suitable clay for these 

products is hard to find due to environmental issues. Therefore, sustainable 

alternative raw materials are needed for clayey products. Industrials wastes and 

other waste matters can be used in this context.   

 

The utilization of the different type of wastes in bricks, tiles and ceramic tiles 

production have been investigated by many researchers. Those are:  fly ash [90], 

[91], waste-brick [112], granite wastes [113], coal fly ash [114], borax waste and 

dewatering sieve borax waste [115], ceramic roof tile [116], waste tile and coal fly 

ash [117], sewage sludge [118], plastic and rubber related wastes [119], Nickle slug 

[120] and rice husk and ash [121], [122], [123], [124].  Other than that, some 

research studies have shown that the use of rice husk and ash leads to lightweight 

burnt bricks [125], [126]. Murmur and Patel [8], with their extensive literature study, 

have shown the usage of industrial and agricultural waste for brick production has 

been investigated by many researchers. All these researchers’ aim was to find some 

alternative raw material for clay-based building materials. 

 

2.15.1. Properties of Roof Tiles and its Raw Materials 

A Roof is one of the most important parts of a building. It serves many purposes like 

shelter, and aesthetical appearance.  In Sri Lanka Calicut tiles and the country tiles 
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are the historically used roofing materials made with clay.  Recently, asbestos, clay 

tiles and cement tiles are the most commonly used roofing materials.   Over other 

roofing materials, clay roof tiles have advantages such as good thermal insulation, 

high fire resistance, long lifetime, resistance, sturdy colours, and a good appearance.  

 

Since the roof costs about 10-15% of the overall cost, depending on the roof 

structure and other factors, asbestos sheets are widely used [127]. Because of the 

low cost, high roof covering, quick construction and good strength, asbestos roof 

covering have gained higher place over clay roof tiles. However, asbestos sheets are 

found to be a health-related hazards material. Therefore, Sri Lankan government has 

decided to ban the usage of asbestos sheet. World Health Organization also has 

warned on this.    

 

In Sri Lanka, properties of roof tiles are governed based on SLS : 2 : 1975 [128]. 

Table 2-7 gives the requirements set in SLS :2: 1975 for clay roofing tiles.  

 

Table 2-7: Specific Requirements of Clay Roof Tiles [128] 

Characteristic  Requirement 

Mass Not more than 2.7Kg 

Transverse Breaking Strength Not less than 1kN 

Water absorption Not more than 18% 

Water permeability  No water droplets have fallen from the 

underside of the tiles 

 

The main raw material for clay roof tiles is clay. Recent research has shown the 

addition of different materials to clay such as industrial waste, rice husk ash, etc. as 

mentioned in section 2.15.  
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2.15.2. Properties of Burnt bricks and its raw Materials 

In the modern construction industry, different types of bricks are in use. Those are; 

burnt clay bricks, sand-lime bricks, concrete bricks, and fly ash bricks. These names 

are given based on the materials used and the method of manufacturing.  Out of that 

burnt clay bricks usage is very common [129]. Bricks are one of the oldest building 

materials on the planet. Its popularity as a building material has not waned, owing to 

its durability, ease of handling, aesthetic appearance, and low cost. [130]. Suitable 

clay or shales are shaped to standard size to form clay bricks. They are  then fired at 

a temperature of 900–1150°C for a period of 8–15 hours [131].  The particle size of 

clay is usually the most important factor to check the suitability of raw materials. As 

per [132], particle size lower than 0.1mm is the most suitable size. But, some 

researchers have used particle size more than 0.1 mm also in smaller quantities in 

the raw material [123]. Colour is another main important aspect and it is determined 

according to the chemical composition [131].  Burnt bricks properties are usually 

determined according to the standards available. In Sri Lanka, SLS 39: 1978 defines 

the properties of burnt clay bricks  [133]. Table 2-8 gives necessary requirements of 

burnt bricks. 

 

Table 2-8: Specific Requirements of Burnt clay Bricks [133]  
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2.16. Findings from Literature Review 

Earth-based building materials have been investigated by many researches. The 

main findings from the literature are; 

1. Lateritic type soil has been used for soil blocks production 

2. Clay and silt content in the soil were varying from 5% to 35 % and more in 

some research 

3. To change the amount of clay and silt content, sand, fly ash, or similar 

materials have been used 

4.  Cement has been used as the main stabilizer 

5. Fly ash, lime and similar materials also have been used in some occasions 

6. Other than the clay and silt content, proportions of other larger particle have 

not been paid attention 

7. With the above-mentioned materials, strength performance has been 

achieved my many occasions 

8. To find the durability performance, the researchers limited to saturated 

compressive strength and water absorption 

9. Use of erosion tests, shrinkage tests are very rare 

10. Many researchers have tried to find an alternative to the clay as a raw 

material to produce bricks and roof tiles. Still, finding of alternatives are 

essential. 

With these findings, this study was mainly focused on reducing the clay and silt 

content by soil washing.  Thus, soil with reduced clay and silt was used for CSEB 

production. Other than the clay and silt content, the proportion of larger particles 

was also taken into consideration. All the strength properties, as well as durability 

properties, were tested in this context. 
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2.17. Summary 

This chapter commenced by reviewing the history of CSEB production. All the raw 

materials used for CSEB production and properties of CSEB based on past research 

was discussed. Related standards were also considered. With that, the research 

direction for the present study could be finalized. Next consideration in this study 

was production of roof tiles and bricks. Hence, related literature for these products 

was discussed. Based on study on past research, the appropriated methodology could 

be formulated, which will be described in the next chapter.  
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CHAPTER 3 : RESEARCH METHODOLOGY 

3.1. General Introduction 

The previous chapter discussed the overall information related to the CSEB 

considering the raw materials used and their properties. Based on that, the direction 

of the present study formulated. This chapter focuses on the methodology adopted to 

achieve the project objectives considering past researches. Further, this chapter gives 

an overall idea on the materials used, methods adopted to produce the products 

namely CSEB, roof tiles and bricks. Then the applicable testing to confirm the 

properties of said products referring to related standards is clearly explained.  

 

3.2. Overall Study Programme 

The study is mainly experiment-based. First, a comprehensive literature review was 

carried out to understand the related studies and the research gap. Based on that, the 

problem statement was formulated. The main purpose of the study is to produce 

CSEB from a soil with low silt and clay content. Accordingly, the experimental 

stage was started with soil selection. The selected soil for this study was abandoned 

soil generated from expressway construction in the central area of the country. 

Initial soil testing revealed that the soil contained about 28% of silt and clay. 

Therefore, washing of the soil was done to reduce the finer content. With washing, 

the soil was separated into two parts namely finer and coarse. Finer part consists of 

silt and clay while the coarse part mainly consists of sand and gravel. 

 

Sand and gravel part were mainly used for CSEB production while the silt and clay 

were used for other clay-based productions. Overall view of the experimental study 

is shown in Figure 3-1. 
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Figure 3-1: Overall View of the Experimental Study 

Soil 

Gravel & Sand (with 

low Silt & Clay 

Silt & Clay 

Strength Test  Durability Test  

Test for: 

particle size distribution 

Atterberg Limits 

Specific gravity 

Test for: 

particle size distribution 

Atterberg Limits 

Specific gravity 

Rearrange of soil 

grading to fit into 

optimum curve 

Add: 

Separated clay and silt, 

and other larger sizes 

Changing finer 

(>0.075mm) % 

5%, 7.5%, 10% 

Add: 

Separated clay and silt,  

Fly ash  

Selecting stabilizer: 

Cement % 

4 %, 6%, 8% and 10% 

cement 

CSEB Production   

Test for CSEB  

Recommendation for 

Finer %, Cement % 

Add fly ash 20% to 

50% by 5% step 

Test for: fly ash 

particle size distribution 

Specific gravity 

Chemical analysis 

Mixer of silt & clay 

and fly ah 

Test for: 

particle size distribution, 

Atterberg Limits, 

shrinkage limit, Specific 

gravity,  

Decide on suitable 

fly ash % 

Production of Roof 

tiles and bricks 

Test for Roof tiles 

and bricks 



51 
 

3.3. Soil Washing 

Purpose of soil washing was to reduce the finer content of the soil. With washing, 

finer content could be separated from soil and it was supposed to check the 

suitability of finer content to produce roof tiles and burnt bricks. Manual soil 

washing was done manually to check the feasibility of separating finer through 

washing. Then the commercially available concrete mixer was used for soil 

washing. This was done by taking soil into a 20l bucket. About half of the bucket 

was filled with soil and water was added to another 1/4 of the bucket. It was mixed 

well and the clay slurry was removed. After keeping the slurry for a few hours, some 

amount of clear water could be removed. The remaining clay slurry was put to a 

cloth to filter the remaining water to separate the clay. Then the clay was kept in the 

Sun to completely dry. 

 

Manual washing was realized as not practical for larger quantity washing while the 

use of a concrete mixer was reliable. The 20l bucket was used to measure the soil 

and water. One 20l bucket of soil and the same amount of water were put into the 

concrete mixer and the mixer was made to function for a known time and one soil 

bucket was washed for different times. Figure 3-2 shows the use of a concrete mixer 

for soil washing. 

 

This process was done by changing the mixer rotation time and the number of 

washing cycles. Results revealed that washing twice for one to two minutes rotation 

time gave an optimum yield of finer. To make the sedimentation process of finer 

accelerated, Alum was used in this context. Optimum Alum dosage also was 

determined by performing a Jar Test. After soil washing, the clay slurry was 

separated into a container while the gravel part was put for drying under the Sun. 

The Jar test revealed that, after 30 minutes, the initial sedimentation of finer parts 

was fulfilled hence water could be re-used. Therefore, after 30 minutes, water was 

separated for re-use and the thick finer slurry was put to a cloth which was made as 

a filter. 
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Figure 3-2: Use of Concrete Mixer for Soil Washing 

 

Figure 3-3(a), 3-3(b), and 3-3(c) show the used soil, separated finer and gravel part.  

 

Figure 3-3: Used soil (a), Separated Finer (b) and Gravel (c) 

a 

b c 
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Figure 3-4 shows the sample of clay slurry after 30 minutes sedimentation while 

Figure 3-5 shows the clay filtering process.  

 

Figure 3-4: Sedimentation of Clay 

 

 

Figure 3-5: Filtering of Clay for Drying  

Clear water after 30 

minutes for re-use 

Sediment clay to filter 

 



54 
 

3.4. Required Materials for CSEB 

Soil was the major raw material used for the CSEB production. The geotechnical 

analysis was done for the soil to analyse the characteristics of the soil. Atterberg 

limit test and Sieve analysis test were conducted for the soil to identify the plasticity 

index and particle size distribution. Wet sieve analysis as per ASTM 117 [134] was 

conducted to identify the silt and clay content accurately. Atterberg test was 

conducted as per ASTM D4318 [135]. Specific gravity test also was performed to 

identify the physical property of soil. The wet sieve analysis showed that the soil has 

28% of silt and clay. Therefore, to reduce the silt and clay content, soil was washed 

as explained earlier. The washed soil has approximately 5% slit and clay content.  

 

This soil was checked for particle size distribution and it revealed that modification 

was needed to get its particle distribution to fit into the optimization curves as 

described by the particle packing theories. Also, finer content was changed to 5%, 

7.5% and 10% by adding the separated silt and clay. Earlier separated larger 

particles in the range of (2.0-6.0) mm and (6.0-12.0) mm were also added to get the 

re-constituted soil particle size distribution as per optimization curves.  

 

As per the objective of the study, cement was used as the stabilizer and 4%. 6%, 8% 

and 10% of cement quantities were used.  

 

For the next set of the experiments, fly ash was added to the mixer to make the finer 

content as 5%, 7.5% and 10%. This fly ash was taken from Lakvijaya Thermal 

Power Plant, Norechcholai, Sri Lanka. Furthermore, fly ash was tested for its 

specific gravity and particle size distribution. 

 

3.5. Mix Proportion for CSEB 

Initially, five soil types designated as S1, S2, S3, S4 and S5 were selected for 

preliminary testing. The S1 soil is industrially washed soil. The S4 and S5 soils are 

naturally available lateritic soils. The S2 and S3 soils were derived by washing the 
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S4 and S5 soils, respectively, to reduce the clay and silt content. These five soil 

types were first checked for grain size distribution and its relation to the particle 

packing concept. It is observed that blocks made with S1 soil is having less 

compressive strength but other properties are desirable. Hence S1 soil was selected 

to modify the grain size distribution to fit into optimization curves.  

 

The mix for the CSEB was done by the weight batching. According to the finer 

content in the soil mix, separated finer and gravel particles was added. 4%, 6%, 8% 

and 10% of cement was used as the stabilizer. For fly ash mixed blocks, fly ash was 

added to make the finer content as 5%, 7.5% and 10%. At the beginning, the washed 

soil alone was used for CSEB with above-mentioned stabilizer amounts. Quarry dust 

was also used with few mixes to see the effect of quarry dust for the properties of 

CSEB. Table 3-1 shows all the mix proportions used for this study. 

Table 3-1: Mix Proportion for Block Casting 

Soil 

Type 

Original 

Finer 

content 

% 

Finer (%) 

by adding 

separated 

slit and clay 

Finer 

(%) by 

adding 

fly ash 

Cement 

percentage 

(%) 

Remarks 

S1 5 - - 6 Check the effect of finer 

% for same stabilizer % 

(Total 45 blocks)  
S2 19 - - 6 

S3 23 - - 6 

S4 33 - - 6 

S5 40 - - 6 

S1 5 5 - 4,6,8,10 S1 grain size distribution 

was modified to fit into 

optimization curves by 

adding separated finer 

and gravel. 

Check for both 0% and 

20% quarry dust 

(Total 108 blocks) 

S1 5 7.5 - 4,6,8,10 

S1 5 10 - 4,6,8,10 

S1 5 - 5 6,8.10 S1 grain size distribution 

was modified to fit into 

optimization curves by 

adding fly ash as a finer 

and gravel. 

(Total 81 blocks) 

S1 5 - 7.5 6,8.10 

S1 5 - 10 6,8.10 
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3.6. Casting of CSEB 

Soil types S1 to S5 were first used to cast CSEB. Out of these soil types, S1 is 

selected for further testing. This selected S1 soil is mixed with required amount of 

larger size particles which are separated from the same soil earlier. Then, soil finer 

or fly ash was added to make the finer particle percentage for 5%, 7.5% and 10%. 

For each finer content, 4% 6%, 8% and 10% of cement was used as the stabilizer. 

Figure 3-6 (a), (b) and (c) show the separated finer and gravel parts used to modify 

the soil grading to fit into the optimization curve. Figure 3-7 (a) and (b) show the 

mix of all parts and the mixing process. 

 

 

Figure 3-6: (a) Gravel (6-12) mm (b) Gravel (2-6) mm (c) Separated Fines   

 

 

Figure 3-7: (a) Mix of Soil, (b) Soil Mixing 

a b c 

a b 
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Since the mixture of soil has more gravel part and the casting was done using 

cement sand block making machine, water requirement is comparatively less. For 

the practical easiness of casting, 8-10% water (from the weight of soil) was 

sufficient. For one combination 9 blocks were cast resulting total of 234 blocks. 150 

mm x 150 mm x150 mm blocks were prepared using the cement sand block making 

machine. Both the vibration and compaction were applied for block casting. 

Vibration time was regulated based on the preliminary test conducted. Cast blocks 

were cured using wet gunny bags and sprinkling water for 7 days and 28 days. Block 

making using the cement sand block making machine is shown in Figure 3-8. 

 

 

Figure 3-8: Use of Block Making Machine for CSEB Production 
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3.7. Tests on CSEB 

7 days and 28 days dry compressive strengths and dry density are the main 

determinants to check the strength requirements of CSEB. 28 days wet compressive 

strength, water absorption, erosion and shrinkage are the durability related 

measurements. All these parameters were tested as per SLS 1382 (Part 2) [32]. 

Compressive strengths of blocks were measured using the Universal Testing 

Machine. Each soil block was carefully positioned below the center of the upper 

bearing plate in the testing machine, and the load was gradually increased until 

failure. The compressive strength could be measured using the load at failure as per 

Equation 3-1. Reported compressive strength was the average of three specimens. 

Figure 3-9 shows the testing procedure and cast blocks. 

Compressive strength = 
            

                     
 ---------- Equation 3-1 

 

 

 

Figure 3-9: Cast Blocks and Compressive Test Procedure 
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After keeping the blocks in the oven for more than 24 hours at 105
0
C, the dry 

density of the blocks were determined (Equation 3-2). Each specimen was oven-

dried to a constant mass, weighed and measured to determine the dry density. 

Dry density = 
          

      
 ---------- Equation 3-2 

 

To determine the water absorption of the blocks, oven-dried test specimens were 

immersed in water for 24 hours as in Figure 3-10, and the increase in the mass of 

each oven-dried test specimen was calculated and expressed as a percentage of the 

specimen’s initial dry mass (Equation 3-3). 

100 ---------- Equation 3-3 

 

 

Figure 3-10: Immersing of Blocks in Water 

 

The durability tests, accelerated erosion test and shrinkage test were performed. 

Accelerated erosion test as defined in SLS 1382 [32] gives an idea on the erosion 

rate of the blocks. Specimen blocks are opened to continuous water spray for an 
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hour. Every 15 minutes, the pitting depth was taken. This erosion test mainly 

considers the impact of rain on the block surface. Soil block was placed at a distance 

of 500 mm from the spray nozzle and water was sprayed with 50 kPa pressure. 

Figure 3-11 illustrates the erosion test apparatus setup. 

 

 

Figure 3-11: Accelerated Erosion Test Setup 

 

With the same testing, scaled off factor also was calculated. Scaled off factor gives 

an idea of how much particles are scaled off from the block surface after one hour of 

water spray.  With this scaled off factor, it can be understood as to how the materials 

erode when rain pours. The scaled off factor is calculated as, 

Scaled off factor = scaled off mass/Area of the block surface expose to water spray 
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The linear expansion of the block on saturation was determined by the difference in 

the lengths of the dry and saturated blocks. After repeated wetting and drying caused 

by the natural weathering process, a high value for linear expansion on saturation 

suggests significant damage to the block and wall surface [136].  The linear 

expansion was measured referring to both SLS 1382 and SLS 855. These two 

standards explain more or less similar procedure hence the procedure given in SLS 

855 was mainly followed. Drying shrinkage measurement is needed to see the 

behaviour of wall panels upon drying and to see the shrinkage crack behaviour. 

 

Figure 3-12 shows the apparatus and test procedure for both linear expansion and 

drying shrinkage. Test specimens were prepared as per SLS 1382 and SLS 855 for 

required testing. First, specimens were immersed in water for four days and the 

original wet measurements were taken using the dial gauge as in Figure 3-12. Then 

the samples were kept in the oven at 50 
0
 C for minimum 44 hours. Dry 

measurements were recorded after taking the samples out of the oven and keeping 

for cooling. This cycle of drying, cooling and measuring was repeated until the 

constant length was attained. Last measurement was taken as the dry measurement. 

The lengths of the specimens were calculated after the dry measurement. The 

difference between the wet and dry measurements, expressed as a percentage of the 

dry length, was used to determine drying shrinkage. 

 

Same specimens were used for wetting expansion calculation too. After taking the 

final dry measurement, the specimens were immersed in water for four days and wet 

measurements were taken using the dial gauge. The wetting expansion is the 

difference between the last wet and dry measurements expressed as a percentage of 

dry length.  
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Figure 3-12: Wetting Expansion and Drying Shrinkage Measurements 

 

3.8. Manufacturing of Industrial Scaled CSEB 

After conducting all the laboratory testing, the selected soil composition was used to 

make industrial scaled blocks (350 x 105 x 165) mm. For that, skilled labours were 

deployed. Figure 3-13 shows a block made through that process.   
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Figure 3-13: Industrial Scaled Block 

 

These blocks were tested using the AMSLER testing machine to get the dry and wet 

compressive strengths as shown in Figure 3-14. 

 

Figure 3-14: Use of Amsler Testing Machine for Compressive Strength Testing 

 

 

350 mm 

105 mm 

165 mm 
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3.9. Required Materials for Roof Tiles 

Clay roof tiles are manufactured with suitable soil having more clay. In Sri Lanka, 

basically, two types of clay are used as raw materials with sufficient amount of 

water. ‘Kirimati’ (clay), and ‘Godamati’ (very clayey sand) are the two clay types 

used by the manufacturers at Wennappuwa / Dankotuwa area. Much stronger and 

heavier ‘Kirimati’ takes care of the mass and the strength of the tile. Kirimati is 

usually found at Bangadeniya and Dankotuwa areas while Godamati is available 

around Pannala. Mixing of Kirimati and Godamati is done at a ratio of 2:3. 

 

For this research study clay was extracted from soil as explained in Section 3.2. Fly 

ash was added to clay as 25% of the clay weight. This percentage was determined by 

conducting crack control test and Atterberg Limit test for different mix of clay and 

fly ash.  Chemical analysis, specific gravity and particle size were tested for fly ash 

hence the class of fly ash was identified.  

 

3.10. Production of Roof Tiles 

Clay and 25% of fly ash by weight of clay were mixed first in the dry state. Figure 

3-15 shows (a) clay (b) adding fly ash (c) mix of clay and fly ash and (d) after mix 

with water. Then sufficient water was added to the mix. The mixture should not 

have any foreign materials such as roots, stones, etc. Clay sample should be mixed 

with fly ash properly. This mixture was taken to an industrial roof tile manufacturing 

company. Thereafter, the production of roof tiles followed the same way as 

industrial roof tiles production. For tiles, the clay mixture is extruded or moulded to 

obtain the shape required and then to cut the size.  

 

The moulded green tiles are first dried in a normal environment to reduce the 

moisture content before loading into kilns. Proper firing in kilns helps to produce a 

good quality product. The firing of tiles was done at a temperature of 900
0
C to 1200

0
 

C in tunnel kiln. Tiles were kept into tunnel kiln for 2 days. 
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Figure 3-15: Preparation of Clay Mix for Roof Tiles Production 

 

3.11. Tests on Roof Tiles 

SLS 2: 1975 defines the relevant testing for roof tiles. The cast tiles were tested to 

study the structural properties and durability properties.  Therefore, the tiles were 

tested for dry mass, water absorption, transverse breaking strength and water 

permeability. ASTM international standards were also referred for testing. 

 

For dry mass, the tile specimen was kept in an oven at 110 
0
C for minimum 24 hours 

until two consecutive weights in 2-hour interval become identical or the difference is 

not greater than 0.2%. Then the dry mass was weighted after keeping the tile 

specimens in room temperature for 4 hours without exposing it to dust and dirt. 



66 
 

Water absorption determines the durability of the clay roof tile. The roof tile was 

kept in the oven for 24 hours at the temperature between 105°C and 110°C and 

weighted (Wd). Then the tile was entirely immersed in water for 24 hours until no 

air bubble is observed, as shown in Figure 3-16. Consequently, the excess water was 

removed from the tile and weighted (Ww). Equation 3-4 was used to calculate the 

amount of water absorbed (Wa). The procedure was repeated for the other tiles and 

the average value was taken. 

Percentage of Water Absorption (Wa) =  %100
Wd

WdWw
 ---------- Equation 3-4 

Where:  

Ww =weight of the specimen after 24 hours immersion in clean water  

Wd = weight of the dry specimen. 

 

 

 

 

 

 

Figure 3-16: Tiles Immersed in Water 

 

To determine the transverse breaking load, the clay roof tile was tested in three-point 

bending mode in which two lower support members were used to rest the bottom of 

the tile and the third member moving perpendicular to the plane and the mid-span of 

the tile to apply the load to the upper surface of the roof tile. The tile was tested in a 

horizontal plane. 
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This test was done by 3-point bending moment test apparatus (AS 2049). Both wet 

tiles and dry tiles were tested to measure the wet tile strength and dry tile strength. 

Figure 3-17 shows the testing process.  

 

 

 

 

 

 

 

Figure 3-17: Transverse Strength Testing of Tiles 

 

3.12. Required Materials for Bricks 

In the modern construction industry, different types of bricks are in use. Those are; 

burnt clay bricks, sand-lime bricks, concrete bricks, fly ash bricks, etc. These names 

are given based on the materials used and the method of manufacturing.  Out of that 

the usage of burnt clay bricks is very common. This is a very old building material.  

 

Usually, bricks are made of clayey soil. This study used the extracted soil mixed 

with fly ash. As explained with roof tile production, clay mixed with 25% of fly ash 

gave the lowest linear shrinkage. For other fly ash addition also, linear shrinkage 

was not significantly large. Therefore, it was decided to cast bricks with varying fly 

ash percentages from 20% to 50% in 5% steps. Microscopic structure of clay and fly 

ash mixes were also analysed using Scanning Electron Microscope (SEM) test. Clay 

and fly ash were first mixed in the dry stage and sufficient water was added and 

mixed properly. The clay-fly ash mix was kept for few days before brick-making.  
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3.13. Production of Bricks 

For the testing purpose, metal moulds were used as in Figure 3-18 (a). The size of a 

mould is (100 x 50 x 50) mm. Figure 3-18 (b) shows the bricks just after preparation. 

Figure 3-18 (c) shows the bricks after removing moulds after sufficient drying.    

 

 

 

Figure 3-18: Clay Brick Making Process 

a 

b 

c 
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The above mould was used for the easiness of making a considerable number of 

bricks. But the process was done using the standard type mould used for handmade 

bricks with the size (220 x 115 x 75) mm. The used mould dimensions are slightly 

larger than the standard brick size. This tolerance was kept to allow for the 

shrinkage. Figure 3-19 shows the mould while Figure 3-20 shows prepared bricks. 

The practical difficulty with this process is removing the mould. For that, mould oil 

was used for the easiness of removing the mould. It is evident that the wire-cut brick 

making machine would be easily used for brick making with this clay variety.  

 

Figure 3-19: Wooden Mould for Brick Making 

 

 

Figure 3-20: Prepared Bricks with Wooden Mould 
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Bricks were kept for drying without direct sunlight. After drying sufficiently, bricks 

were kept in the furnace for firing as in Figure 3-21.  Bricks were fired for about 

eight hours with 1000
0
C. After cooling, bricks were taken out.  Final products are as 

in Figure 3-22. 

 

 

Figure 3-21: Burning of Bricks in the Furnace  

 

 

Figure 3-22: Burnt Brick 
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After firing and testing the bricks made with different fly ash addition, it was 

identified that the 25 % fly ash addition gave the optimum properties for bricks. 

Therefore, wire-cut bricks were made with extracted clay with 25% fly ash addition. 

Figure 3-23 shows prepared wire-cut bricks. 

 

Figure 3-23: Wire-cut bricks with fly ash 

 

3.14. Tests on Bricks 

Bricks were tested mainly for strength properties and durability properties. Figure 

3-24 shows the summary of tests conducted on bricks.  Tests were performed as per 

the guidelines given in SLS, IS, ASTM standards and past researches.  

 

 

 

 

 

 

 

 



72 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-24: Summary of Tests for Clay Bricks 

 

The compressive strength of bricks was determined as per SLS 39.  First, bricks 

were filled flush with 1 cement: 1 clean sand to obtain a smooth flat surface (Figure 

3-25). Then the brick was placed into the compression testing machine and 

compressive force was applied until the brick fails (Figure 3-26). For each mix 

proportion, three brick specimens were tested. The compressive strength was 

determined as in Equation 3-5. The average compressive strength was calculated and 

presented as the compressive strength of the bricks. For wire-cut bricks capping on 

the bricks was not necessary since their surfaces are nearly flat.  

 

Brick Properties 

Compressive 
Strength 

Flexural 
Strength 

Water 
Absorption 

Efflorescence  

Dimension 
Variation   



73 
 

 

Figure 3-25: Preparation of Bricks for Compressive Test 

 

 

Figure 3-26: Testing of Bricks for Compression Strength  

 

Flexural bending test was conducted for bricks as per ASTM C 90-11a and strength 

was calculated as in Equations 3-6. Testing of bricks for flexural strength is shown 

in Figure 3-27. Schematic diagram in Figure 3-28 shows compressive and flexural 

tests procedure.   



74 
 

 

 

 

Figure 3-27: Testing of Bricks for Flexural Strength 

   

(a) Compression Test     (b) Flexural Test 

Figure 3-28: Schematic Diagram for the Testing of Strength Properties of 
bricks 

 

                      
 ⁄             ----------- Equation 3-5 

 

                               ----------- Equation 3-6 

 

Where              P= ultimate applied load 

A = the area of the bearing surface 

 l = span length 

b = width of the brick at the mid-span section 

d = depth of the brick at the mid-span section 
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For each test, three samples from each mix proportion were tested and the average 

value was computed. 

 

Water absorption of bricks was also measured as the procedure explained in SLS 39. 

Oven-dried brick specimen at the temperature of 105°C - 110°C for 24 hours was 

weighted (Wd). Then the wet mass (Ww) was taken after immersing dried specimen 

in the water for 24 hours of time duration. The amount of water absorbed, with 

respect to the dry mass of the brick was calculated by using Equation 3-7.  The 

above procedure was repeated for bricks with each mix proportions of clay and fly 

ash. 

 

                      
     

  
      ---------- Equation 3-7 

 

The appearance of salt crystals on the surface of burnt clay bricks is known as 

efflorescence. Efflorescence refers to the occurrence of sub fluorescence in the 

microstructure of a burnt clay brick, which has an effect on its resilience and 

serviceability. Since clay changes volume and porosity as it dries, it is important to 

do it in stages. As a result of the soluble salts present, these unregulated conditions 

can cause deformation on bricks, cracks, and/or efflorescence. 

 

SLS 39 standard was followed up for the test of efflorescence in different brick 

samples. When there is water in the brick, it takes on a white or greyish color, which 

is made up of salt deposits that are left behind when the water evaporates. 

Additionally, efflorescence can appear on vertical walls as a powdery material. 

Figure 3-29 (a) shows the bricks which are ready for efflorescence test and 3-29 (b) 

shows bricks after completing the testing. 
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(a): Ready for Testing     (b): Testing Completed 

 

Figure 3-29: Testing of Efflorescence of Bricks 

 

The ends of the brick were kept in a shallow flat-bottom dish having an area of 

approximately 0.10 m
2
 containing 25 mm depth at room temperature (20°–30°C).  

After 7 days, most of the water was absorbed or evaporated. The specimen was then 

dried in an oven for 24 hours and compared by observing the top as well as all four 

faces of each specimen. Presence of efflorescence, which is non-quantitative, was 

classified as follows according to SLS 39. 

1. Nil — when the deposit of efflorescence is imperceptible. 

2. Slight — when the deposit of efflorescence does not cover more than 10 

per cent of the exposed area of the brick. 

3. Moderate — when the deposit of efflorescence is more than 10 per cent 

but less than 50% of the exposed area of the brick. 

4. Heavy — when the deposit of efflorescence is more than 50 per cent but 

the deposits do not powder or flake away the brick surface. 

5. Serious — when the deposits are heavy and powder or flake away the 

brick surface. 

3.15. Summary  

The chapter discussed the methodology adopted to reach the study objectives. All 

the test methods were clearly explained referring to the related specifications. Based 

on these test methods, the next chapter will explain the results with necessary 

discussions.  
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CHAPTER 4 : RESULTS AND DISCUSSION 

4.1. General Introduction 

The previous chapter discussed the methods and materials used for the study. It 

explained the properties of all the materials and testing methods specifying the 

related specifications. Also, it emphasized on required properties of final products, 

namely CSEB, burnt-bricks and roof tiles explaining the test methods. This chapter 

focuses on the results obtained based on test methods applied. Further it describes 

the appropriateness of the results referring to the related standards.  

 

4.2. Soil Washing Procedure  

Soil washing was done with two purposes. The first one was to reduce the finer 

content from any soil with high clay and silt content. Soil with reduced clay and silt 

could be used to produce CSEB. The second purpose was to see the feasibility of 

using separated finer as a raw material for roof tiles and burnt-bricks production. 

Soil washing was done using an industrially available concrete mixer. Also, rotation 

time of the machine for washing and number of rotations were the main parameters 

which contribute to reducing the clay and silt content. An accelerated sedimentation 

process was also a key concern when using clay and silt for the production of bricks 

and tiles. Alum and polymer are the industrially used coagulant agents; hence both 

were used here to check the sedimentation. For this, Jar test was performed as shown 

in Figure 4-1. 
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Figure 4-1: Jar Test Procedure 

 

For sedimentation process, alum, polymer and a combination of alum & polymer 

were used. Table 4-1 shows the turbidity level of the water with those coagulants. 

The results show that 8 ppm alum and 5 ppm polymer combination give the lower 

turbidity level. When alum alone was used, 12 ppm of alum gives the lowest 

turbidity. There is no significant difference between turbidity with these two 

coagulants. Considering the cost, it was decided to use only alum for this soil 

washing process since polymer cost is high compared to that of alum.  

Table 4-1: Turbidity Level with Alum and Polymer 

8 ppm Alum constant 

Polymer (ppm) 2 3 4 5 6 7 

Turbidity 9.4 6.89 3.75 2.65 5.1 8.5 

       

5 ppm Polymer Constant 

Alum (ppm) 2 4 6 8 10 12 

Turbidity 4.46 4.11 3.65 2.65 5.25 7.52 

       

Alum only 

Alum (ppm) 6 8 10 12 14 16 

Turbidity 4.67 3.1 2.83 2.58 2.97 4.01 
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Water reusable time was also determined by conducting the Jar test with the selected 

12 ppm alum concentration. Turbidly level of water was checked every 5 minutes 

until it became almost constant. Table 4-2 gives experimental results for this 

purpose. These results show that after 30 minutes, water could be re-used. Then the 

amount of reusable water content was checked with a field experiment. Separated 

clay slurry was kept into a 20l barrel and after 30 minutes, the water level was 

checked. It was revealed that about 60% of water can be reused in this situation.  

 

Table 4-2: Change of Turbidity with Time 

12 ppm Alum 

Time 5 10 15 20 25 30 

Turbidity 10 9.75 6.95 6.23 6.24 6.23 

 

Soil washing time also was one variable to be decided. For that with the actual 

setup, soil samples were washed by changing the washing time from 0.5 minutes to 

4 minutes for 5 numbers of washing. For every washing process, five cycles of 

washing were done by keeping the time constant and for each washing, 

sedimentation amount was checked after 30 minutes. Table 4-3 gives the 

sedimentation amount measured as clay column height in mm after 30 minutes for 

different washing time and with number of washing cycles while Figure 4-2 shows 

its graphical representation.  

 

Table 4-3: Change of Sedimentation with Time and Number of Washing 

  Clay column height (mm) after 30 mm) Cumulative 

clay column 

height (mm) 
Number of washing 

  1 2 3 4 5 

Time for 

one 

washing  

(min) 

0.5 610 420 200 140 110 1480 

1 630 440 230 160 110 1570 

2 690 480 190 70 50 1480 

3 730 410 70 60 40 1310 

4 780 320 50 40 40 1230 
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Figure 4-2: Change of Sedimentation with Time and Number of Washing Cycle  
 

These results show that one-minute washing with five washing cycles gave the 

maximum sedimentation. However, with 4
th

 and 5
th

 washing, sedimentation amount 

was very small. That means the amount of finer content in the soil was very low 

after third washing. In this experiment, finer content in the gravel part was also 

important. It was necessary to keep at least 5% finer in the washed soil. Therefore, 

further analysis was done considering finer content in the gravel part too. To get a 

clear idea on this, cumulative sedimentation was analysed for different timing and 

washing. Table 4-4 shows the cumulative sedimentation for consecutive washings.  

According to the results, it can be seen that one-minute washing with five washing 

cycles gave the maximum yield. If only a single wash was considered, it is noted 

that sedimentation increases with washing time. When considering up to two cycles 

of washing, two minutes washing gives the maximum yield. For two and three 

cycles of washing, for both one minute and two minutes washing time, fairly equal 

amount of sedimentation can be seen. Therefore, considering the total time for 

washing, it was decided to continue the washing with one-minute washing time per 

wash. This should be cross-checked with the amount of finer in the washed soil after 

these washing. Then the exact conclusion could be reached to.  

0

100

200

300

400

500

600

700

800

900

0 2 4 6

S
ed

im
en

ta
ti

o
n
 (

m
m

) 

Number of Washing Cycle 

 

30 Sec

1 minute

2 minutes

3 minutes

4 minutes



81 
 

Table 4-4: Cumulative Sedimentation for Different Washing Time and Number of 

Washing  

 Clay column height (mm) 

Time per 

wash 

(Minutes) 

1
st
 

wash 

(1+2) 

wash 

(1+2+3) 

wash 

(1+2+3+4) 

wash 

(1+2+3+4+5) 

wash 

0.5 610 1030 1230 1370 1480 

1 630 1070 1300 1460 1570 

2 690 1170 1360 1430 1480 

3 730 1140 1210 1270 1310 

4 780 1100 1150 1190 1230 

 

Figure 4-3 shows clay sedimentation for five consecutive washing cycles. It is very 

explicit that with the number of washing, the sedimentation amount gets reduced. To 

decide on how many washing cycles are necessary to get the optimum yield of finer, 

as well as keeping the required finer content in the gravel part, the gravel part also 

was checked for finer percentage. Figure 4-4 shows gravel part of soil for three 

consecutive washing (a), (b) and (c). Then the finer content of these three samples 

was checked by performing the wet sieve analysis as per ASTM 117C. Table 4-5 

shows the finer content of these three gravel parts. 

 

Figure 4-3: Amount of Sedimentation after 30 Minutes for Different Washing 
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Figure 4-4: Gravel Part of Soil after Three Consecutive Washings  

 

Table 4-5: Finer Content of Soil with Consecutive Washing  

Soil Condition Finer content in 

the soil (%) 

Original Soil 28.20 

After 1
st
 wash (a) 13.76 

After 2
nd

 wash (b) 4.16 

After 3
rd

 wash (c) 1.34 

 

Considering all these results it was decided to go for maximum 2 cycles of washing 

with one-minute washing to get the optimum yield. With this, finer percentage in the 

washed soil is near to 5%, but separated clay can be again added to the soil as 

necessary for CSEB production.  

 

 

a b c 
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4.3. Properties of Materials 

The main raw material for this research was soil with high clay and silt (finer). 

Initially, five soil types were tested for their physical properties. Table 4-6 shows the 

Atterberg limits and specific gravities of soils, while Table 4-7 shows the particle 

size distribution of soils. As explained in section 3.4. , S1 soil is industrially washed 

soil. The S4 and S5 soils are naturally available lateritic soils. The S2 and S3 soils 

were derived by washing the S4 and S5 soils, respectively, to reduce the finer 

content. 

 

Table 4-6: Atterberg limits and Specific Gravity of Soils 

Soil Type Plastic limit Liquid limit Plasticity 

Index 

Specific 

Gravity 

S1 - - - 2.7 

S2 32.45 23.09 9.36 2.9 

S3 - - - 3.3 

S4 45.25 29.55 17.2 2.3 

S5 39.21 34.8 4.41 2.2 

 

 

Table 4-7: Particle Size Distribution of Soils 

Soil Type 0-0.075 0.075-2.0 2.0-6.0 6.0-12.0 

S1 5 82 9 3 

S2 19 28 20 33 

S3 23 24 23 30 

S4 40 30 10 25 

S5 35 25 15 25 

 

Soil blocks were stabilized with Portland cement. Fly ash was also used to mix with 

soil as a finer replacement. 
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4.4. Applicability of Particle Packing Concept 

Grain size distributions of selected five soil types (S1 to S5) were explained in 

section 4.3. These gradings were compared with the theoretical packing concepts 

explained in section 2.11. Graphical representations of these grading and the 

theoretical concepts are shown in Figure 4-5. Considering the above represented soil 

types and optimization curves, the particle size distribution of soil types S2 and S3 

are closer to the optimization curves.   But their finer content is comparatively high 

(19% and 23% respectively). 

 

It was necessary to select one suitable soil type out of these five (S1 to S5) or 

another type for further experiments. Therefore, selected five soil types were used 

for CSEB production with constant cement (6% used) content as the stabilizer. 

Table 4-8 gives the tested properties for cast CSEB.  It shows that the blocks made 

with soil types, S2 and S3 have comparatively high dry and wet compressive 

strength among the selected soil types. However, other properties of blocks didn’t 

have the highest values but were within the acceptable range. Blocks made with S1 

soil type has a higher density and lower water absorption but low strength. Also, 

compared with the theoretical concepts, finer content should be less to have 

maximum packing. Among these soils, S1 has the lowest finer content. These results 

show that, when soil grading is near to the optimization curves as explained in 

theories, it can achieve comparatively a high performance in CSEB properties. The 

problem with S2 and S3 soils is the high amount of finer content. Therefore, it was 

decided to select S1 (with the lowest finer) soil for further testing by modifying its 

particle size distribution to fit into optimization curves. Even though there are four 

major theoretical concepts explained, for the experimental studies, mainly the power 

line was considered since its linear relationship makes the changing of grading 

distribution easier.  

 



85 
 

 

Figure 4-5: Comparison of Particle Distribution of Used soil with Theoretical 

Distribution 

 

Table 4-8: Blocks Properties with Different Soil Gradings 

Soil 

Type Finer 

% 

28 days Dry 

Com. Strength 

(MPa) 

28 days Wet 

Com. Strength 

(MPa) 

Dry 

Density 

(kg/m3) 

Water 

Absorption 

(%) 

S1 5 1.06 0.55 1956 9.5 

S2 19 3.01 1.55 1854 12.9 

S3 23 2.95 0.82 1778 19 

S4 33 1.98 0.69 1713 18.5 

S5 40 0.99 0.25 1481 31 

 

4.5. Performance of CSEB with Reduced Clay and Silt 

S1 soil was first used without any modification with varying cement content as the 

stabilizer. 20% of Quarry dust also was used to see any effect of it. Table 4-9 
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indicates the properties of CSEB with this condition. Figure 4-6 graphically 

represents the compressive strength behaviour of CSEB. 

 

Table 4-9: Properties of CSEB with Varying Cement Content for S1 Soil 

Cement

% 

7 days dry 

Com. 

Strength 

(MPa) 

28 days 

dry Com. 

Strength 

(MPa) 

28 days wet 

Com. 

Strength 

(MPa) 

Dry 

Density 

(kg/m
3
) 

Water 

Absorption 

(%) 

4 0.56 0.71 0.47 1820 10.0 

6 0.85 1.06 0.55 1956 9.5 

8 1.95 2.26 1.27 1956 10.2 

10 3.96 4.49 3.42 1940 8.75 

 

 

 

 

 

Figure 4-6:  Compressive Strength Behaviour of CSEB with Varying Cement 

Content for S1 Soil 
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These results indicate that maximum 28 days dry compressive strength (4.49 

N/mm
2
) was achieved with 10% cement and it is in the category of Grade 2 CSEB 

as per SLS 1382 requirements [32]. Maximum wet compressive strength is 3.42 

N/mm
2
 and it is under Grade 1. Dry density and water absorption values also satisfy 

the SLS 1382 requirements. Compressive strengths with other lower cement 

contents are comparatively low. 

 

4.5.1. Dry Compressive Strength of CSEB with Reduced Clay and Silt 

Since the particle size distribution of S1 soil does not give high compressive 

strength, particle size distribution was modified by adding separated finer and other 

larger particles arising from the soil washing phase. Numerical calculation done to 

find the addition of finer and other particles, are explained below. Table 4-10 gives 

required soil grading and the available soil (S1) grading. Since the particles in the 

range of 0.075-2.0 mm was high, this modification could be done by adding 

particles in the other ranges. In this S1 soil, particle amount in the range of (0.075 – 

2.0) mm is more than the required amount. Hence, except this range, particle amount 

of other three ranges were modified. Then, the remaining one will be automatically 

changed. 

 

Table 4-10: Particle Size Distribution of S1 soil and Required Optimization Curve 

Grading of 0-075 mm 0.075-2.0 mm 2.0-6.0 mm 6.0-12.0 mm 

Available (S1 

soil) 

5% 82% 9% 4% 

Required (to fit 

into optimization 

curve) 

5% 60% 20% 15% 

 

 



88 
 

Assume; 

x= addition of finer content (0-0.075) mm 

y= addition of amount of particle in the range of (2.0-6.0) mm 

z= addition of amount of particle in the range of (6.0-12.0) mm  

The calculation was done based on 10kg of S1 soil. 

Amount of particle within 10 kg in different ranges for S1 soil and modified soil are 

as per Table 4-11. Then, considering the required percentages, Equations 4-1, 4-2 

and 4-3 can be written. After solving these three equations simultaneously, the 

particle amount to be added could be found.  

 

Table 4-11: Amount of Particles of S1 Soil and Modified S1 Soil per 10 kg 

Grading of 0-075 mm 0.075-2.0 mm 2.0-6.0 mm 6.0-12.0 mm 

S1 Soil 500g 8500g 600g 400g 

Modified Soil 500g 6000g 2000g 1500g 

 

05.0
)10000(

)500(






zyx

x
 ---------- Equation 4-1 

 

2.0
)10000(

)900(






zyx

y
 ---------- Equation 4-2 

 

15.0
)10000(

)400(






zyx

z
 ---------- Equation 4-3 
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By solving Equations 4-1, 4-2 and 4-3 

x= 183.33g 

y= 1833.0g 

z= 1649.0g 

Similar calculations were done for 7.5% and 10% finer content.  

 

Figure 4-7 shows the particle size distribution for the modified soil and its 

comparison with optimization curves. 

 

 

Figure 4-7: Particle Size Distribution of the Modified Soil in Comparison to Particle 

Packing Models 

 

This modification was done for three different finer contents 5%, 7.5% and 10%. 

For each finer content, 4%, 6%, 8% and 10% cement stabilizations were used. 5% 

finer contained soil was used with 0% and 20% quarry dust for blocks production. 

With this, there were five different combinations of CSEB. Figure 4-8 shows 7 days 
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dry compressive strength, while Figure 4-9 shows the 28 days dry compressive 

strength in comparison to the SLS 1382 Part I requirements.  

 

Also, the relationship between the 7 days and 28 days compressive strength were 

checked for all the combinations. Table 4-12 gives that comparison. According to 

these results, it is clear that 4% cement usage as the stabilizer does not lead to 

considerable strength improvement after 7 days compared to other cement 

percentages. Also, with 10% cement, highest 7 days compressive strengths could be 

achieved.  

 

 
Figure 4-8: 7 days Dry Compressive Strengths of CSEB with Modified Soil 

0

1

2

3

4

5

6

7

8

9

10

0 2 4 6 8 10 12

C
o

m
p

re
ss

iv
e 

S
tr

en
g
th

 (
N

/m
m

2
) 

Cement % 

S1 5% finer

S1 modified 5% finer + 20% quarry dust

S1 modified 5% finer+ 0% quarry dust

S1 modified 7.5 % finer+ 0% quarry dust

S1 modified 10% finer + 0% quarry dust



91 
 

 

 

Figure 4-9: 28 days Dry Compressive Strengths of CSEB with Modified Soil 

 

Table 4-12: Relationship between 7 days and 28 days Compressive Strengths (%) 

Cement 

%  

S1 

original 

5% finer  

S1 modified 

5% finer + 

20% quarry 

dust  

S1 modified 

5% finer+ 

0% quarry 

dust   

S1 modified 

7.5 % 

finer+ 0% 

quarry dust  

S1 

modified 

10 % 

finer+ 0% 

quarry 

dust  

4 79 65 60 70 59 

6 80 70 78 82 85 

8 86 74 89 77 76 

10 88 94 96 73 91 

 

According to the strength results shown in Figure 4-9, a higher compressive strength 

for all the finer content could be achieved with 10% cement stabilization. Use of 

quarry dust for the mixture did not have a significant influence for strength 
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improvement compared to a mixture with no quarry dust. Also, it is clear that 4% 

cement content could not stabilize the blocks to achieve any of the Grades defined in 

SLS 1382. Therefore, for other testing, 4% stabilization was omitted. To get a more 

clear idea on strength values, Table 4-13 represents 28 days compressive strength 

values of blocks with comparison to the specified compressive strength values in 

SLS 1382. 

 

Since these blocks were with very low silt and clay content, they were more likely to 

behave as cement blocks. By refereeing to SLS 855: Specifications for Cement 

blocks [137], the tested strength values can be compared with the strength 

requirements for cement blocks. All the blocks are suitable for single storey house 

construction (Minimum requirement is 1.2 N/mm
2
) for all the mortar designation. 

Blocks with 7.5% finer with 8% cement stabilization are suitable up to five-storey 

buildings (Minimum requirement is 7.2 N/mm
2
).  For all the finer contents with 6% 

cement stabilization, blocks are suitable up to four-storey buildings. 

 

Table 4-13: 28 days Dry Compressive Strengths Comparison with SLS 1382 

 28-day Compressive Strength (N/mm
2
) 

Cement 

%  

S1 

original 

5% finer  

S1 modified 

5% finer + 

20% quarry 

dust  

S1 modified 

5% finer+ 

0% quarry 

dust   

S1 modified 

7.5 % 

finer+ 0% 

quarry dust  

S1 

modified 

10 % 

finer+ 0% 

quarry 

dust  

4 0.71 1.67 1.96 1.48 2.1 

6 1.06 2.2 4.3 2.25 5.9 

8 2.26 4.43 5.22 7.33 6.1 

10 4.49 6.9 9.85 12.81 9.5 

SLS 1382 Requirements  

Grade 1 >6 

Grade 2 4.0 to 6.0 

Grade 3 2.8 to 4.0 

 



93 
 

4.5.2. Wet Compressive Strength of CSEB with Reduced Clay and Silt 

Wet compressive strength is usually used as a durability requirement measurement 

parameter. SLS 1382 defines the wet compressive strength values for different 

grades of blocks. Figure 4-10 represents the variation of wet compressive strengths 

with the cement content while Table 4-14 gives their numerical values to easily 

compare with the standard values.  

 

Figure 4-10: 28-day Wet Compressive Strengths of CSEB with Modified Soil 
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Table 4-14: -28 days Wet Compressive Strengths Comparison with SLS 1382 

 28 days Compressive Strength (N/mm
2
) 

Cement 

%  

S1 

original 

5% finer  

S1 modified 

5% finer + 

20% 

quarry dust  

S1 modified 

5% finer+ 

0% quarry 

dust   

S1 modified 

7.5 % finer+ 

0% quarry 

dust  

S1 modified 

10 % finer+ 

0% quarry 

dust  

4 0.47 1.17 0.88 0.7 1.15 

6 0.55 1.26 2.73 1.20 3.2 

8 1.27 2.75 4.54 5.11 3.8 

10 3.42 5.26 5.65 7.69 5.9 

SLS 1382 Requirements  

Grade 1 >2.4 

Grade 2 1.6 to 2.4 

Grade 3 1.2 to 1.6 

 

According to the results, it could be seen that the 4% of cement usage did not give a 

guarantee to achieve the required strength as in SLS 1382. Use of 7.5% finer led to 

high wet compressive strength with 8% and 10% cement stabilization. The ratio of 

Wet/Dry compressive strength is also an indication of durability. For CSEB this 

ratio should be more than 0.4. Table 4-15 indicates those ratios.  

Table 4-15: Wet/Dry Compressive Strength Ratio 

Cement 

%  

S1 

original 

5% finer  

S1 modified 

5% finer + 

20% quarry 

dust  

S1 modified 

5% finer+ 

0% quarry 

dust   

S1 modified 

7.5 % finer+ 

0% quarry 

dust  

S1 modified 

10 % finer+ 

0% quarry 

dust  

4 0.66 0.70 0.45 0.47 0.55 

6 0.52 0.57 0.63 0.53 0.54 

8 0.56 0.62 0.87 0.70 0.67 

10 0.76 0.76 0.57 0.60 0.62 
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These results show that irrespective of the cement and finer percentages, wet/dry 

compressive strength ratio is more than 0.4 for all the combinations. 

 

4.5.3. Dry Densities and Water Absorption of CSEB with Reduced Clay and 

Silt 

Tested blocks for dry density and water absorption gave the results as shown in 

Table 4-16. It clearly showed that, the water absorption ratio is having a greater 

improvement when optimizing the particle packing. The SLS 1382 defines the 

minimum value as 15%. Dry density values also showed that, all the blocks made 

with upgraded soil arrangement have more than 1800 kg/m
2
.  The SLS 1382 

minimum value is 1750 kg/m
3
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Table 4-16: Dry Densities and Water Absorption of CSEB with Modified Soil 

Soil Type 
Clay & 

Silt % 

Cement 

% 

Quarry 

dust % 

Dry 

Density 

(kg/m
3
) 

Water 

absorption 

% 

S1: washed soil to 

get 5% finer 
5.0 

4 

20 

1820 10.0 

6 1956 9.5 

8 1956 10.2 

10 1940 8.75 

S1: modified to 

match the power 

line by adding larger 

particle 

5.0 

4 

20 

2009 8.43 

6 2009 9.2 

8 2009 7.7 

10 2023 5.1 

S1: modified to 

match the power 

line by adding larger 

particle 

5.0 

4 

0 

1911 9.3 

6 2009 7.1 

8 2009 7.3 

10 2018 7.1 

S1: modified to 

match the power 

line by adding larger 

particle 

7.5 

4 

0 

1890 11.3 

6 1961 10.1 

8 2009 7.5 

10 2055 6.8 

S1: modified to 

match the power 

line by adding larger 

particle 

10.0 

4 

0 

1856 9.1 

6 1917  8.7 

8 1865 8.7  

10 1893 8.5 

 

Figure 4-11 below shows the relationship of dry density to the 28 days dry 

compressive strength. According to that, it is difficult to predict a correlation 

between the density and the dry compressive strength on every occasion. There is a 

strong relationship only for the blocks with 7.5% finer. These increasing 

compressive strengths are related to the increasing cement content also. So, it can be 
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noticed that for 7.5% finer, block dry density has a linear relationship to the dry 

compressive strength. 

 

 

Figure 4-11: Relationship between Dry Density and 28 days Dry Compressive 

Strength 

 

To get a more clear idea on the relationship between the dry density and the 

compressive strength, correlation coefficients were calculated and presented in 

Table 4-17. This also proved that the use of 7.5% finer led to a good relationship 

between the dry density and the compressive strength. Also, it is clear that when the 

compressive strength increases, the dry density increases too. 
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Table 4-17: Correlation between Dry Density and Dry Compressive Strength 

Soil Used Correlation Coefficient between Dry 

Density and Dry Compressive Strength 

S1 5% finer 0.4611 

S1 modified, 5% finer, 20% 

quarry dust 0.8655 

S1 modified, 5% finer 0.7376 

S1 modified, 7.5% finer 0.9251 

S1 modified, 10% finer 0.5650 

 

Similar to the above explanation, a relationship was established between the water 

absorption and the compressive strength. As shown in Figure 4-12, it is difficult to 

see a strong relationship between the compressive strength and the water absorption 

for all the finer content. For 7.5% and 10% finer content, the relationship is stronger 

than other finer contents. That means when the compressive strength increases, or in 

other words, when the cement content increases, the water absorption decreases.  
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Figure 4-12: Relationship between Water Absorption and 28 days Dry Compressive 

Strength 

 

Same information presented in Figure 4-12 was used to find the correlation between 

these two variables and presented in Table 4-18. According to the correlation 

coefficients, there is a strong decreasing tendency between these two variables for 

blocks with 7.5 % and 10% finer.  
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Table 4-18: Correlation between Water Absorption and Dry Compressive Strength  

Soil Used Correlation Coefficient between Water 

Absorption and Dry Compressive Strength 

S1 5% finer -0.7219 

S1 modified, 5% finer, 20% 

quarry dust -0.9421 

S1 modified, 5% finer -0.7000 

S1 modified, 7.5% finer -0.9410 

S1 modified, 10% finer -0.9730 

 

 

4.5.4. Durability Characteristics of CSEB with Reduced Clay and Silt 

According to the strengths, density and water absorption test results, it is obvious 

that the blocks made with 7.5% finer contained soil with 10% or 8% cement 

stabilization gave the most preferable block properties. Therefore, the accelerated 

erosion test was performed only for the blocks with 7.5% finer to see the erosion 

caused by rain. The test suggests to measure the pitting depth every 15 minutes. 

However, the pitting depth was hard to measure since it was too small. Figure 4-

13(a) to (e) shows the surface appearance in different stages of the testing. 

According to that, there was no significant change in the block surface with spray 

testing. Thus, the CSEB block with selected finer and cement percentages can assure 

the requirement given in SLS 1382. 

 

The scaled off factor was then calculated to get more ideas on durability. Two 

blocks were subjected to erosion test and both gave negligible values for the scaled 

off factor. 
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Figure 4-13: Erosion Test Results (a): Before testing, (b): After 15 minutes spray 

(c): After 30 minutes spray, (d): After 45 minutes spray, (e): After 1 hour spray 

a b 

c d 

e 
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Wetting expansion and drying shrinkage were also tested only for the blocks made 

with the compositions. of selected materials. Table 4-19  indicates the test results. 

Wetting expansion or drying shrinkage is calculated as the difference between wet 

measurement and dry measurement is expressed as a percentage of the dry length. 

When compared to the requirements given in SLS 855, blocks produced with 7.5% 

finer and 7% cement are satisfied for drying shrinkage., The results obtained are 

very closer to the specified values for wetting expansion as well. SLS 1382 defines 

only the requirement of linear expansion and limiting value is 0.10 %. Therefore, 

test results clearly showed that the blocks made with 7.5% finer and 7% cement 

satisfied all the durability requirements given in SLS 855 and SLS 1382. 

 

Table 4-19: Wetting Expansion and Drying Shrinkage of CSEB 

 Wetting expansion  Drying shrinkage  

 Sample 1 Sample 2 Sample 1 Sample 2 

First reading (mm) 
9.305 8.503 9.349 8.544  

Second reading (mm) 
9.206 8.411 9.206 8.411 

Dry Length (mm) 
287 mm 287 mm 287 mm 287 mm  

Final results  
0.034% 0.032% 0.049 % 0.046 % 

Specified value in SLS 855 
0.03% 0.06% 

 

4.6. Performance of Industrial Scaled Blocks 

Laboratory tests on CSEB revealed that use of 7.5% finer leads to maximum 

compressive strength for cement percentages of 10%, 8% and 6%. In the industry, 

normally used cement percentage is 7%.  Therefore, it was decided to cast industrial 

scaled blocks with 7.5% finer and 7% cement. For each property, three blocks were 

tested and the average value was given as the result. Test results are shown in Table 

4-20.  
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Table 4-20: Properties of Industrial Scaled Blocks 

Block Property  Individual block result Average Results 

28 days dry compressive 

strength (N/mm
2
) 

Block 1  5.71   

6.23 
Block 2  6.80  

Block 3  6.26  

28 days wet compressive 

strength (N/mm
2
) 

Block 1 3.16  

3.75 
Block 2 3.70  

Block 3 4.38  

Dry density (kg/m
3
) 

Block 1 1890  

1917 
Block 2 1945  

Block 3 1915  

Water absorption (%) 
Block 1 10.22  

9.82 
Block 2 9.91  

Block 3 9.32  

 

According to these test results, industrial scaled blocks satisfy the requirements of 

both Compressed Stabilized Earth Blocks and Cement Blocks as given in SLS 1382 

and SLS 855 respectively.  

 

4.7. Performance of CSEB with Fly Ash Replacement as Finer  

The washed soil as explained earlier consisted of approximately 5% finer and the 

grading showed that it was a fine-grained soil. So, the gravel had to be added to fit 

the grading into the optimization curve. Then, the finer content was reduced hence 

separate finer could be added.  As finer, fly ash was added to the mix and prepared 

CSEB were tested.  
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4.7.1. Properties of Used Fly ash (Particle size distribution, Specific gravity) 

Fly ash used for the blocks were sieved through 0.425mm sieve and after that their 

particle size distribution is as shown in Figure 4-14. In this study, the purpose of 

using fly ash was to replace the finer particles. Other than that, its binding properties 

were not considered. The specific gravity of fly ash was 2.2 and it was less than that 

of used soil, resulting in less specific gravity for the soil-fly ash mix. 

 

 

Figure 4-14: Particle Size Distribution of Fly Ash 

 

4.7.2. Mix of Soil and Fly Ash 

When mixing the soil and fly ash, the expected final particle size distribution is 

determined as per the power line. Thus, to match with the power line, other than the 

fly ash, different size larger particles were also added to the mixture. These larger 

particles were earlier extracted from the same soil. Then, the soil mixture has the 

particle size distribution as shown in Figure 4-15 and its comparison to the power 

line is also presented there. 
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Figure 4-15: Comparison of Particle Size Distribution 

 

4.7.3. Compressive Strength of CSEB with Fly Ash Replacement 

As explained in section 3.5, finer content was changed to 5%, 7.5% and 10% by 

adding fly ash. Blocks were made for 6%, 8% and 10% cement stabilization. 7 days 

dry compressive strength, 28 days dry and wet compressive strengths of blocks 

made with fly ash as a finer are shown in Figure 4-16, Figure 4-17 and Figure 4-18 

respectively.  
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Figure 4-16: 7 Days Compressive Strength Results of Soil Blocks with Fly Ash  

 

Figure 4-17: 28 Days Dry Compressive Strength Results of Soil Blocks with Fly 

Ash  
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Figure 4-18: 28 Days Wet Compressive Strength Results of Soil Blocks with Fly 

Ash  

 

Considering the compressive strength results of blocks with fly ash replacement, it 

was evident that when the cement content was 10%, high compressive strength 

could be achieved irrespective of the finer content. Among that, 7.5% finer with fly 

ash replacement has given high compressive strength compared to other finer 

contents.  

 

4.7.4. Comparison with Soil Blocks 

The study focused on two areas: CSEB made with silt & clay as finer and fly ash 

replacement as finer. The test results show that CSEB having silt & clay as finer 

gave more strength compared to CSEB with fly ash replacement. Figure 4-19 shows 

a comparison of 28 days compressive strength for these two cases. For this 

comparison, 4% cement stabilization was omitted since earlier results have shown 

that its influence was negligible.  
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Figure 4-19: 28 Days Dry Compressive Strength of Blocks with Finer Replacement 

 

When the finer content was 7.5% (for both cases of silt & clay as finer and fly ash 

replacement as finer), CSEB achieved high compressive strength for 8% and 10% 

cement content. When the cement content was 6%, it is difficult to arrive at a 

conclusion.  

 

Table 4-21 shows the comparison of the compressive strengths of blocks made with 

silt & clay as finer and fly ash as finer.  According to the values in the table, all the 

strength values are less for the blocks made with fly ash finer compared to that of 

clay & silt as finer. Table 4-22 shows the other properties of blocks.  
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Table 4-21: Comparison of Compressive Strengths when Fly Ash as a Finer and Silt 

& Clay as a Finer  

5% finer replacement  

Cement % 
Dry Comp. Strength (N/mm

2
) Wet Comp. 

strength 

(N/mm
2
) 

Wet/Dry 

7 days 28 days 

6 1.82 3.34 2.72 4.3 1.85 2.73 0.6801 0.6349 

8 2.86 4.62 4.57 5.22 2.6 4.54 0.5689 0.8697 

10 7.52 9.46 9.8 9.85 5.25 5.65 0.5357 0.5736 

         

7.5% finer replacement 

Cement % 
Dry Comp. Strength (N/mm

2
) Wet Comp. 

strength 

(N/mm
2
) 

Wet/Dry 

7 days 28 days 

6 2.55 1.84 2.79 2.25 1.67 1.19 0.5986 0.5289 

8 2.92 5.67 4.76 7.33 3.16 5.11 0.6639 0.6971 

10 10.75 9.38 13.43 12.81 7.33 7.69 0.5458 0.6003 

         

10% finer replacement 

Cement % 
Dry Comp. Strength (N/mm

2
) Wet Comp. 

strength 

(N/mm
2
) 

Wet/Dry 

7 days 28 days 

6 1.68 5.03 2.43 5.9 1.45 3.2 0.5967 0.5424 

8 2.57 5.41 3.76 6.1 2.85 3.8 0.758 0.6667 

10 5.99 8.67 8.75 9.5 4.28 5.9 0.4891 0.6211 

 

 

 

 

 

 

 

 

 

 

 

  Fly ash as finer 

  Clay as finer 
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Table 4-22: Comparison of Dry Density and Water Absorption when Fly Ash as a 

Finer and Silt & Clay as a Finer  

5% finer replacement  

Cement % Dry Density (kg/m
3
) Water absorption % 

6 1968 2009 10.33 7.1 

8 1903 2009 11.28 7.3 

10 1949 2018 9.34 7.1 

     

.5% finer replacement 

Cement % Dry Density (kg/m
3
) Water absorption % 

6 1865 1961 11.4 10.1 

8 1833 2009 12.4 7.5 

10 2074 2055 6.32 6.8 

     

10% finer replacement 

Cement % Dry Density (kg/m
3
) Water absorption % 

6 1761 1917 13.89 8.7 

8 1778 1865 13.77 8.7 

10 1912 1893 11.54 8.5 

 

 

 

Considering the properties other than the compressive strength, higher density and 

lower water absorption were achieved, when the CSEB are made with clay & silt as 

finer. But the blocks made with fly ash also reached the values specified in SLS 

1382 as discussed in the following section.  

 

4.7.5. Comparison with Standards 

The test results were compared with SLS 1382: Specification for Cement Stabilized 

Earth Blocks and SLS 855: Specification for Cement blocks. According to the test 

  Fly ash as finer 

  Clay as finer 
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results as shown in Table 4-23, when the cement content was 10% for all the 

selected finer contents, compressive strength values were above the limiting value 

for grade 1 CSEB (6.0 N/mm
2
 and 2.4 N/mm

2
 for dry and wet compressive strength 

respectively). For 5% and 7.5% finer, and 8% cement, compressive strength values 

reached to grade 2 CSEB (4.0 to 6.0 N/mm
2 

for dry compressive strength and 1.6 to 

2.4 N/mm
2
 for wet compressive strength).  Even with 6% cement, 7.5% finer could 

produce grade 3 CSEB (2.8 to 4.0 N/mm
2
 for dry compressive strength and 1.2 to 

1.6 N/mm
2
 for wet compressive strength). Also, all the density and water absorption 

values (Table 4-24) were higher than the specified value (1750 kg/m
3
 and 15% 

respectively) in SLS 1382 Part 1. Out of all the finer contents, 7.5% finer 

replacement led to the highest density and lowest water absorption when the cement 

replacement is 10%. 

 

Table 4-23: Summary of Compressive Strength Results 

Cement 

%  

5% finer with fly ash 7.5% finer with fly ash 10% finer with fly ash 

Dry Wet Wet/Dry Dry Wet Wet/Dry Dry Wet Wet/Dry 

6 2.72 1.85 0.680 2.79 1.67 0.599 2.43 1.45 0.597 

8 4.57 2.6 0.569 4.76 3.16 0.664 3.76 2.85 0.758 

10 9.8 5.25 0.536 13.43 7.33 0.546 8.75 4.28 0.489 

 

 

Table 4-24: Densities and Water Absorption Results 

Cement 

%  

5% finer with fly ash 7.5% finer with fly ash 10% finer with fly ash 

Density 

(kg/m
3
) 

Water 

Absorption 

% 

Density 

(kg/m
3
) 

Water 

Absorption 

% 

Density 

(kg/m
3
) 

Water 

Absorption 

% 

6 1968 10.33 1865 11.4 1761 13.89 

8 1903 11.28 1833 12.4 1778 13.77 

10 1949 9.34 2074 6.32 1912 11.54 
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4.8. Performance of Roof Tiles 

Extracted finer mixed with fly ash was used for the production of roof tiles. The 

extracted finer was first checked with crack control test and it revealed that extracted 

clay alone does not give sufficient texture for the production of roof tiles.  

Figure 4-20 (a) and (b) show sample casting for the crack control test and shrinkage 

behaviour after 24 hours. 

 

 

 

 

 

 

 

 

Figure 4-20: (a) Sample Casting and (b) after 24 hours of Casting 

 

Fly ash addition to clay supported the reduction of the shrinkage of clay. To find the 

correct percentage of fly ash, following fly ash percentages were added to the clay 

and crack control test gave the shrinkage behaviour as shown in Figure 4-21. It 

revealed that; 25% fly ash addition gave minimum shrinkage. 

a. 10% of fly ash with extracted clay 

b. 15% of fly ash with extracted clay 

c. 20% of fly ash with extracted clay 

d. 25% of fly ash with extracted clay 

e. 30% of fly ash with extracted clay 
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Figure 4-21: Crack Control Test with Fly Ash Addition 

 

Fly ash was taken from Norechcholai LakVijaya Thermal Power Plant. The 

chemical analysis of fly ash (Table 4-25) shows it belongs to the class N fly ash as 

specified in ASTM C618. The test was performed at Geological Survey & Mines 

Bureau, Pitakotte, Sri Lanka. X-Ray Diffraction (XRD) test also proved that the 

prominent ingredients in fly ash are SiO2 and Al2O3 (Figure 4-22). 

 

Table 4-25: Chemical Analysis of Fly Ash 

Constituents 

determined Contents % Test Method 

Calcium as CaO 5.63 

Acid Digestion and Atomic 

Absorption Spectrometry 

 

 

 

Magnesium as MgO 1.59 

Iron as Fe2O3 3.35 

Aluminum as Al2O3 19.74 

Potassium as K2O 0.47 

Sodium as Na2O 0.95 

Manganese as MnO 0.05 

Phosphorus as P2O5 1.89 Acid Digestion and UV/VIS 

 Titanium as TiO2 1.98 

Silicon as SiO2 47.48 Gravimetry 

 Loss on ignition 16.79 

 

a b c d e 
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Figure 4-22: XRD Pattern on Fly Ash 

 

To get a clear idea about the clay mix with fly ash, Atterberg Limit test was 

performed. Also, three clay samples taken from roof tile manufacturing companies 

were tested. Table 4-26 shows the Atterberg Limits and other necessary properties 

of clay mixed with fly ash. 

 

Table 4-26: Properties of Clay mixed with Fly Ash 

Sample 

Designation 

Fly Ash 

Addition 

% 

Liquid 

Limit 

LL 

Plastic 

Limit 

PL 

Plasticity 

Index 

PI 

Specific 

Gravity 

SG 

Linear 

Shrinkage 

LS 

ECF00 0 44.91 29.47 15.44 2.51 5.241 

ECF05 5 42.71 32.39 10.32 2.68 4.520 

ECF10 10 39.41 35.66 3.75 2.63 5.850 

ECF15 15 45.56 32.19 13.37 2.37 5.983 

ECF20 20 41.64 34.2 7.44 2.16 3.806 

ECF25 25 47.33 39.11 8.22 2.38 2.004 

ECF30 30 38.93 29.61 9.32 2.41 3.960 

ECF50 50 36.63 25.08 11.55 2.62 5.360 

MC1 - 45.51 30.9 14.16 1.86 2.000 

MC2 - 42.03 28.06 13.97 2.19 3.929 

MC3 - 46.25 33.15 13.1 2.25 2.412 

EC: Extracted clay, F: Fly ash, MC: Market Clay 
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According to the plasticity index values, all the clay and fly ash mix and market clay 

were within the low to medium plasticity range as defined by the soil mechanics 

theories as presented in the Table 4-27. Specific gravity values also did not make a 

clear sense. Therefore, shrinkage was considered as the governing criteria to select 

the appropriate mix with fly ash.  The variation of linear shrinkage with fly ash 

content is represented graphically as in Figure 4-23 to get a clear idea.  

 

Table 4-27: Plasticity Types 

 

 

Figure 4-23: Variation of Linear Shrinkage with Fly Ash Content  

 

The results show, 25% fly ash addition to clay gave the lowest linear shrinkage. 

Tested market clay MC1 exhibits the same linear shrinkage, while MC3 also 
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exhibits lesser linear shrinkage. MC2 is having considerably high linear shrinkage 

and with 20% and 30% fly ash addition, that amount of shrinkage could be expected. 

Hence, the addition of 20% to 30% fly ash to the extracted clay would give 

sufficient properties to the clay to produce roof tiles.  

 

Then the particle size distributions of fly ash, market clay, extracted clay mixed with 

25% fly ash, were compared.  This comparison is shown in Figure 4-24. From the 

figure, it is clear that the addition of 25% fly ash brings the particle size distribution 

near to the market clay. 

 

Figure 4-24: Comparison of Particle Size Distribution of Market Clay and Extracted 

Clay with 25% Fly Ash Addition  

 

4.8.1. Test Results for Roof Tiles 

Prepared roof tiles were tested for transverse braking strength, water absorption and 

permeability. The results were compared with market tiles too. Table 4-28 shows the 

results with a comparison of market roof tiles.  
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Table 4-28: Comparison of Market Roof Tiles and Extracted Clay Roof Tiles 

Property Market Roof Tile Extracted Clay Roof Tile 

Water Absorption  14.12% 17.22% 

Permeability Impermeable  Impermeable 

Thermal Conductivity 0.64 W/mk 0.69 W/mk 

Strength 1.03 kN 1.05 kN 

 

These results show that the performance of roof tiles made with extracted clay have 

better performance compared to the available market rooftiles. Also, it satisfies the 

requirements given in SLS 2. 

 

4.9. Performance of Clay Bricks 

Clay bricks made with extracted finer with different composition of fly ash were 

tested for strength, durability and physical appearance as explained in section 3.14. 

According to the Atterberg test results indicated in Table 4-26 in section 4-7, 25% 

fly ash addition to extracted finer gave the lowest shrinkage. For other percentages 

also, shrinkage was not significantly large compared to some literature [123], [125]. 

Therefore, the bricks were made by adding fly ash up to 50%. The behaviour of clay 

and different percentages of fly ash were examined using SEM test. Figure 4-25 

shows the microscopic structures for clay and fly ash mixes. 
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Figure 4-25: SEM images of clay (a), fly ash (b) and clay mix with fly ash 20% (c), 

25% (d), 30% (e), 40% (f), 50% (g) 

(a) (b

(c) (d

(e) (f) 

(g
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First, the prepared bricks were checked for the dimension variation after firing and 

Table 4-29 shows the dimension variation results. These variations were calculated 

based on the dimensions of the brick mould used (220 x 115 x 75) mm.  Bricks were 

made with the clay available in the brick-making industry and fly ash addition also 

is done for the comparison purpose. 

 

Table 4-29: Dimension Variation of Bricks 

Brick 

specimen 

Fly ash 

% 

Variation in 

length (%0 

Variation in 

Width (%) 

Variation in 

Height (%) 

ECB-F20 20 5.9 9.6 9.3 

ECB-F25 25 4.5 8.7 9.3 

ECB-F30 30 3.6 6.1 9.3 

ECB-F40 40 3.2 4.3 7.1 

ECB-F50 50 2.3 4.3 7.1 

MCB-F00 0 11.82 18.26 21.33 

MCB-F20 20 9.55 13.04 17.33 

MCB-F25 25 8.18 9.57 16.00 

MCB-F30 30 7.73 8.70 13.33 

MCB-F40 40 2.73 6.09 10.67 

MCB-F50 50 2.27 4.35 9.33 

MCB-F60 60 1.36 4.35 6.66 

ECB: Extracted Clay Bricks; MCB, Market Clay Bricks 

 

These dimension variations are clearly visible in burnt bricks. Figure 4-26 shows 

few burnt bricks with different fly ash contents.     
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Figure 4-26: Burnt Bricks with Different Fly Ash Contents 

 

These variations are presented in Figure 4-27 too.  

 

 

Figure 4-27: Dimension Variation of Burnt Bricks with Fly Ash 

 

According to these dimension variations, it is clear that the fly ash addition helped to 

lower the shrinkage. So, the number of bricks needed to construct a unit wall area is 

reduced compared to a wall area built with normal bricks.  Hence, these burnt bricks 

help to reduce the cost of wall construction. 
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Bricks were tested for compressive strength and flexural strength. Table 4-30 shows 

strength values of bricks for different fly ash percentages. The strengths of bricks 

were compared with randomly taken market bricks. Also, bricks made with clay 

taken from the brick-making industry and mixed with fly ash were considered for 

the comparison. These compressive strengths and flexural strengths variations are 

presented in Figure 4-28 and Figure 4-29 respectively. 

Table 4-30: Compressive Strengths and Flexural Strengths of Bricks  

Brick 

specimen 

Fly ash 

% 

Compressive 

Strength (N/mm
2
) 

Flexural Strength 

(N/mm
2
) 

ECB-F20 20 2.51 0.74 

ECB-F25 25 3.99 1.25 

ECB-F30 30 2.32 0.64 

ECB-F40 40 1.52 0.59 

ECB-F50 50 0.97 0 

MB-1 - 3.85 1.51 

MCB-F00 0 6.02 1.39 

MCB-F20 20 4.02 1.06 

MCB-F25 25 4.13 1.34 

MCB-F30 30 2.42 1.3 

MCB-F40 40 1.38 0.79 

MCB-F50 50 2.17 0.68 

MCB-F60 60 0.91 0.67 

ECB: Extracted Clay Bricks, MB; Market Bricks, MCB: Market clay Bricks 
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Figure 4-28: Compressive Strengths Variation of Burnt Bricks with Fly Ash % 

 

 

Figure 4-29: Flexural Strengths Variation of Burnt Bricks with Fly Ash % 

 

 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0 20 40 60 80

C
o
m

p
re

ss
iv

e 
S

tr
en

g
th

 (
N

/m
m

2
) 

Fly Ash % 

ECB

MCB

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0 20 40 60 80

F
le

x
u
ra

l 
S

tr
en

g
th

 (
N

/m
m

2
) 

Fly Ash % 

ECB

MCB



123 
 

According to the results of the strength of two bricks categories, 25% fly ash 

addition helped to achieve the maximum strengths for both compressive and flexural 

strengths.  

For the above-mentioned brick specimens, dry density and water absorption were 

calculated and those are shown in Table 4-31. These dry density and water 

absorption variations are presented in Figure 4-30 and Figure 4-31 respectively. 

 

Table 4-31: Density and Water Absorption of Bricks 

Brick 

specimen 

Fly ash 

% 

Dry Density 

(kg/m
3
) 

Water Absorption 

(%) 

ECB-F20 20 1230 33.93 

ECB-F25 25 1183 33.28 

ECB-F30 30 1156 37.19 

ECB-F40 40 1083 39.87 

ECB-F50 50 1059 42.14 

MB - 1891 13.11 

MCB-F00 0 1453 32.77 

MCB-F20 20 1332 33.87 

MCB-F25 25 1243 33.81 

MCB-F30 30 1234 34.81 

MCB-F40 40 1146 36.88 

MCB-F50 50 1088 39.07 

MCB-F60 60 1019 41.23 

ECB: Extracted Clay Bricks, MB; Market Bricks, MCB: Market clay Bricks 
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Figure 4-30: Density Variation of Burnt Bricks with Different Fly Ash % 

 

 

Figure 4-31: Water Absorption Variation of Burnt Bricks with Different Fly Ash % 
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bricks available in the market. Finally, it can be concluded that the addition of 25% 

of fly ash would give the optimum results for the properties of burnt-bricks. 

Efflorescence test also was conducted for the bricks made with 25% fly ash addition. 

Results show that the bricks did not show any type of efflorescence.  

Wire-cut bricks (Figure 4-32) made with 25% fly ash addition to extracted clay were 

tested for relevant properties and those are shown in Table 4-32. 

 

Figure 4-32: Wire-Cut Bricks made with Extracted Clay and Fly ash 

 

Table 4-32: Properties of Wire-cut Bricks 

Property Result SLS 39 Requirement 

Dry Compressive 

Strength 

10.64 N/mm
2
  10 N/mm

2 

Flexural Strength  2.09 N/mm
2
  - 

Density 1708 kg/m
3 - 

Water Absorption 16.25 %  18% 

Efflorescence   Slight Slight  

 



126 
 

4.10. Summary 

The chapter discussed the analysis results related to the properties of products 

namely CSEB, roof tiles and brunt-bricks. All the results were presented in the form 

of tables or figures to illustrate the results more clearly.   The results were discussed 

in detail with comparison to the available relevant standards. Also, results were 

reviewed with respect to the literature in the absence of standards. Next chapter will 

discuss the cost analysis of soil-based products considered in this study.  
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CHAPTER 5 : COST ANALYSIS OF PRODUCTS 

5.1. General Introduction 

The previous chapter discussed the results obtained related to the products of this 

study namely CSEB, roof tiles and burnt-bricks. Those results were presented using 

charts, figures and tables. Also, results were compared with the available standards. 

This chapter aims to analyse the cost of the product which were discussed in earlier 

chapters. That is unit cost of a CSEB, unit cost of a roof tile and unit cost of a burnt 

brick. The procedure of calculating these unit costs is well defined. The difference in 

calculating these costs is due to the raw materials used. The main raw material was 

soil and was separated for gravel and finer by washing. Therefore, the work norm 

for soil washing was first established. For this, 1-hour work of soil washing was 

considered and the procedure is explained below.  

 

5.2.  Cost Calculation for Soil Washing 

Resource used- per hour 

2 unskilled labours 

20 soil buckets (20 l each) 

30 water buckets (20 l each) 

Concrete mixer 

Electricity 

Containers to put clay slurry for settlement 

Space to put gravel for drying 

 

Calculations 

20 soil buckets= 0.40 m
3
 

Yield of gravel arising from 0.40 m3 after washing  = 0.22 m
3
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Yield of finer arising from 0.40 m3 after washing  = 0.16 m
3
 

About 0.02m
3
 is a loss 

Based on this, 1 cube (2.83 m
3
) will produce 

Gravel         = 1.556 m
3
 

Finer         = 1.132 m
3
 

 

Labour requirement for 1 cube     = 2.83/ (0.40*8) 

        = 0.9 days (for 2 labour) 

Water requirement      =40/0.40*2.83 

        =5660l 

Out of this water, 60% can be reused. 

 

Cost of 1 cube of soil washing 

1 cube of soil       = Rs. 2500.00 

Labour cost       = 0.90*2*1500.00 

        = Rs. 2700.00 

Cost of water       =5660/1000* 0.4*70 

(Cost of one unit of water is Rs. 70.00-taken from National Water Supply and 

Drainage Board) 

        =Rs. 160.00 

Total cost       = Rs. 5200.00 

This cost is to produce 1.556 m
3
 of gravel and 1.132 m

3
 of finer. Therefore, cost for 

gravel and finer can be mentioned as; 

Cost of 1.556 m3 gravel     = Rs. 3010.00 

Cost of 1 cube of gravel     =Rs. 5474.00 
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Specific gravity of gravel      = 2.7 

Therefore,1 cube of gravel     = 2.83 m
3
 x 2700 kg/m

3
 

        = 7641 kg 

Cost of 1 kg of gravel      = 5474/7641 

= Rs. 0.72 

 

Cost of 1.132 m3 of finer     = Rs. 2189.00 

Cost of 1 cube of finer     = Rs. 5474.00 

Specific gravity of finer     = 2.51 

Therefore, 1 cube of finer     = 2.83 m
3
 x 2510 kg/m

3
 

        = 7103 kg 

Cost of 1 kg of finer      = 5474/7103 

        = Rs.0.77 

 

5.3. Cost Calculation for CSEB Production 

Cost of CSEB was calculated considering the block size of (150 x 150 x 150) mm. 

Later it was converted to the size of (350 x 175 x 100) mm which is the commonly 

available block size in the market. Table 5-1 shows the unit cost of resources used. 

Table 5-1: Unit Cost of Resources Used for CSEB 

Material Cost (Rs) 

Cement (Per Kg) 20.00 

Soil (Per Kg) 0.72 

Clay (Per Kg) 0.77 

Labour (Per block) 8.00 
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Cost of CSEB was calculated for different percentages of cement and finer. The 

testing results revealed that the average dry weight of a block was 7.0 kg. So, the 

requirements of materials were considered based on one block weight.  Then this 

cost was converted to the standard size of a block and labour cost was added. Table 

5-2 to Table 5-4   show the cost of CSEB for 10%, 8% and 6% cement respectively.  

 

Table 5-2: Cost Analysis of CSEB with 10% Cement 

Finer  

(%) 

Soil 

(Kg) 

Cost for 

soil (Rs) 

Finer 

replacement 

(Kg) 

Cost of 

Finer 

(Rs) 

Cement 

(Kg) 

Cost of 

cement 

(Rs) 

Total 

(Rs)  

10 6.3 4.47 0.7 0.54 0.7 14 19.01 

7.5 6.475 4.60 0.525 0.40 0.7 14 19.00 

5 6.65 4.72 0.35 0.27 0.7 14 18.99 

 

Finer  

(%) 

Cost of materials 

for 1 block, Size 

(150*150*150) mm 

Cost of materials for 1 

block, Size 

(350*105*165) mm 

Add for 

labor 

cost 

Cost of a block 

(Rs.) 

10 19.01 34.16 8.00 42.16 

7.5 19.00 34.14 8.00 42.14 

5 18.99 34.12 8.00 42.12 

 

Table 5-3: Cost Analysis of CSEB with 8% Cement 

Finer  

(%) 

Soil 

(Kg) 

Cost for 

soil (Rs) 

Finer 

replacement 

(Kg) 

Cost of 

Finer 

(Rs) 

Cement 

(Kg) 

Cost of 

cement 

(Rs) 

Total 

(Rs) 

10 6.3 4.47 0.7 0.54 0.56 11.20 16.21 

7.5 6.475 4.60 0.525 0.40 0.56 11.20 16.20 

5 6.65 4.72 0.35 0.27 0.56 11.20 16.99 

 

Finer  

(%) 

Cost of materials 

for 1 block, Size 

(150*150*150) mm 

Cost of materials for 1 

block, Size 

(350*175*100) mm 

Add for 

labor 

cost 

Cost of a 

block (Rs.) 

10 16.21 29.13 8.00 37.13 

7.5 16.20 29.11 8.00 37.11 

5 16.99 29.09 8.00 37.09 
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Table 5-4: Cost Analysis of CSEB with 6% Cement 

Finer  

(%) 

Soil 

(Kg) 

Cost for 

soil (Rs) 

Finer 

replacement 

(Kg) 

Cost of 

Finer 

(Rs) 

Cement 

(Kg) 

Cost of 

cement 

(Rs) 

Total 

(Rs) 

10 6.3 4.47 0.7 0.54 0.42 8.40 13.41 

7.5 6.475 4.60 0.525 0.40 0.42 8.40 13.40 

5 6.65 4.72 0.35 0.27 0.42 8.40 13.39 

 

Finer  

(%) 

Cost of materials 

for 1 block, Size 

(150*150*150) 

mm 

Cost of materials for 1 

block, Size 

(350*105*165) mm 

Add for 

labor 

cost 

Cost of a 

block (Rs.) 

10 13.41 24.10 8.00 32.10 

7.5 13.40 24.08 8.00 32.08 

5 13.39 24.06 8.00 32.06 

 

 

5.4. Cost Calculation for CSEB with fly ash 

Cost calculation of CSEB with fly ash differs from the CSEB with clay addition 

based on the fly ash cost. Usually fly ash can be taken from the LakVijaya Thermal 

Power Plant free of charge and only the transport cost is to be considered. The 

information taken from local suppliers revealed that the transport cost varies from 

Rs. 10,000.00 to Rs. 12,000.00 from Puttalam to Colombo. So, the average cost of 

Rs. 11,000.00 was considered for this calculation. 

Transport cost of 1 cube (2.83 m
3
)    = Rs. 11,000.00 

Specific gravity of fly ash    = 2.2 

1 cube of fly ash     = 6226kg 

Cost of 1 kg of fly ash     = Rs. 1.77 

So, cost of CSEB with fly ash addition can be calculated as indicated in Table 5-5 to 

Table 5-7 for 6%, 8% and 10% cement stabilization.   
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Table 5-5: Cost Analysis of CSEB with Fly Ash for 10% Cement 

Finer  

(%) 

Soil 

(Kg) 

Cost for 

soil (Rs) 

Fly ash 

replacement 

(Kg) 

Cost of 

Fly ash 

(Rs) 

Cement 

(Kg) 

Cost of 

cement 

(Rs) 

Total 

(Rs) 

10 6.3 4.47 0.7 1.24 0.7 14.00 19.71 

7.5 6.475 4.60 0.525 0.93 0.7 14.00 19.53 

5 6.65 4.72 0.35 0.62 0.7 14.00 19.34 

 

Finer  

(%) 

Cost of materials 

for 1 block, Size 

(150*150*150) mm 

Cost of materials for 1 

block, Size 

(350*175*100) mm 

Add for 

labor 

cost 

Cost of a block 

(Rs.) 

10 19.71 35.41 8.00 43.41 

7.5 19.53 35.09 8.00 43.09 

5 19.34 34.75 8.00 42.75 

 

 

Table 5-6: Cost Analysis of CSEB with Fly Ash for 8% Cement 

Finer  

(%) 

Soil 

(Kg) 

Cost for 

soil (Rs) 

Fly ash 

replacement 

(Kg) 

Cost of 

Fly ash 

(Rs) 

Cement 

(Kg) 

Cost of 

cement 

(Rs) 

Total 

(Rs) 

10 6.3 4.47 0.7 1.24 0.56 11.20 16.91 

7.5 6.475 4.60 0.525 0.93 0.56 11.20 16.73 

5 6.65 4.72 0.35 0.62 0.56 11.20 16.54 

 

Finer  

(%) 

Cost of materials 

for 1 block, Size 

(150*150*150) mm 

Cost of materials for 1 

block, Size 

(350*175*100) mm 

Add for 

labor 

cost 

Cost of a block 

(Rs.) 

10 16.91 30.38 8.00 38.38 

7.5 16.73 30.06 8.00 38.06 

5 16.54 29.72 8.00 37.72 
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Table 5-7: Cost Analysis of CSEB with Fly Ash for 6% Cement 

Finer  

(%) 

Soil 

(Kg) 

Cost for 

soil (Rs) 

Fly ash 

replacement 

(Kg) 

Cost of 

Fly ash 

(Rs) 

Cement 

(Kg) 

Cost of 

cement 

(Rs) 

Total 

(Rs) 

10 6.3 4.47 0.7 1.24 0.42 8.40 14.11 

7.5 6.475 4.60 0.525 0.93 0.42 8.40 13.93 

5 6.65 4.72 0.35 0.62 0.42 8.40 13.74 

 

Finer  

(%) 

Cost of materials 

for 1 block, Size 

(150*150*150) mm 

Cost of materials for 1 

block, Size 

(350*175*100) mm 

Add for 

labor 

cost 

Cost of a block 

(Rs.) 

10 14.11 25.36 8.00 33.36 

7.5 13.93 25.33 8.00 33.33 

5 13.74 24.69 8.00 32.69 

 

Considering the above cost calculation, summary of cost of the blocks is as per 

Table 5-8. Cost of blocks made with 7% cement was calculated as an average of cost 

of blocks with 6% and 8% cement. Average selling cost of a cement sand block in 

the industry is around Rs.42.00. According to this information it can be concluded as 

these soil blocks with 7.5% finer and 7% cement are cost effective. 

 

Table 5-8: Summary of Cost Calculation for Soil Blocks 

Cement % Unit cost of a block with 

reduced clay & Silt (Rs.) 

Unit cost of a block 

with fly ash (Rs.) 

10 42.50 43.00 

8 37.40 38.00 

6 32.30 32.50 

7 34.85 35.25 
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5.5. Cost Calculation for Burnt Bricks 

Cost of burnt bricks was calculated considering the cost information in Table 5-9. 

Firing cost was taken from previous researches. The average weight of a brick was 

revealed as 1.800kg. Labour cost per brick is usually Rs. 5.00., The total cost of a 

burnt-brick could be calculated, considering 25% overhead to account for drying 

bricks, preparation for kiln and baking etc. When considering the bricks made with 

25% fly ash addition, the cost of a brick is around Rs.8.55 which is significantly 

lower than the cost of bricks available in the market. 

 

Table 5-9: Cost of Burnt Bricks with Extracted Clay 

Brick 

specimen 

Fly 

ash 

% 

Clay 

amount 

(kg) 

Cost 

of 

Clay 

(Rs.) 

Fly ash 

amount 

(kg) 

Cost 

of Fly 

ash 

(Rs.) 

Cost of 

Materials 

(Rs.) 

Total 

(Rs.) 

EC-F20 20 1.44 1.11 0.36 0.64 1.76 6.76 

EC-F25 25 1.35 1.04 0.45 0.80 1.84 6.84 

EC-F30 30 1.26 0.97 0.54 0.96 1.93 6.93 

EC-F40 40 1.08 0.84 0.72 1.27 2.11 7.11 

EC-F50 50 0.90 0.70 0.90 1.59 2.29 7.29 

 

 

5.6. Cost Calculation for Roof tiles 

The weight of prepared roof tiles was 2.772 kg. SLS: 2: 1975 says that the weight 

should not be more than 2.7 kg. There is a small mass increment in the prepared 

tiles. With further investigation, this could be addressed to reduce the tile mass. 

Extracted clay density was 2510 kg. So, the volume of one tile is 1.1044 x 10
-3

 m
3
.  

For one tile  

Clay weight   = 2.079 kg 

Fly ash weight   = 0.693 kg 

Cost of clay   = 2.079 x 0.77 = Rs. 1.60 

Cost of fly ash   = 1.77 x 0.693 = Rs.1.23 
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Data taken from tile factories 

For 500 tiles; electric cost is Rs. 350.00 and   the cost for 5 labours is Rs. 7500.00 

Firing cost for 3500 tiles is Rs. 4500.00 

So, making cost of one tile = (7500+350)/500 = Rs. 15.70 

Firing cost of one tile  = 4500/3500       = Rs. 1.30 

Total cost of one tile  = 1.60+1.23+15.70+1.30  

= Rs. 19.80 

 

The production cost of roof tiles with extracted clay was compared with the 

production cost of market roof tiles. Normally the tiles available in the market have 

the mass of nearly 3.0 kg.  The density of clay is 1860 kg/m
3
. So, the volume of one 

tile is about 1.62 x 10
-3

 m
3
.  

Cost of clay     =Rs. 2900.00 for m
3
 

Material cost of one tile  = 2900 x 0.00162 = Rs. 4.70 

Total cost of one tile    = 4.70 + 15.7 + 1.3  

=Rs 21.70 

When compared with the Market roof tiles, the new product saves the production 

cost by 8.75 %. 

 

5.7. Summary  

This chapter explained the cost calculation process for the soil-based products 

considered in this study.  Soil-based production started with soil washing. First, 

work norm was established for soil washing to get the cost of separated finer 

particles and coarse particles. The cost information was taken as practiced in the 

construction industry, for the production of other soil-based products. Next chapter 

will conclude all the processes and results obtained in this study.  
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CHAPTER 6 : CONCLUSIONS AND FUTURE WORKS  

6.1. General Introduction 

The study focused on reducing clay and silt in soils by washing process, utilization 

of washed soils to produce CSEB and the use of removed clay and silt of soils for 

the production of building materials, mainly clay roof tiles and burnt clay bricks.  

Optimizing the strength parameters of washed soils by use of particles packing 

theories, recycling and optimizing the use of water and the use fly ash to produce 

clay roof tiles and bricks too investigated.  The study established that CSEB can be 

produced with improved strength and durability by the use of soil washing process.  

Further, up to 60% of water can be re-cycled in the washing process.  The removed 

clay and silt together with fly ash can improve the properties of clay roof tiles and 

burnt clay bricks.  The cost calculations established that the building products of 

washing soils will be more economical.  

 

6.2. Conclusions 

The literature search established that past attempts to improve the strength and 

durability of CSEB had been investigated by lowering clay and silt content through 

the use of materials such as sand or by mixing different soils and by use of high 

content of stabilizers such as cement.  The published research had clearly 

established that strength and durability increase with lower content of clay and silt.  

The literature search confirmed that past studies was not explored the possibility of 

lowering of clay and silt of soils by washing process for the production of CSEB.  

The washing processes have been mainly for the removal of clay in sand for 

construction work. Further, investigations on the influence of other larger particle 

sizes have not been extensively performed. 

 

The clay and silt content in the soil was lowered through soil washing. The concrete 

mixer was used for the washing of soils during the experimental study due to the 

requirement of recovering clay and silt of the wash and to use low water content. 
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This established that improved washing process of the mechanics of concrete mixer 

can be used to remove clay and silt of soils. 

 

Use of high-water content for washing is unavoidable. However, water can be re-

used with the use of alum as a coagulant agent. Soil washing helped in two ways; to 

lower the silt and clay content in the soil and to use separated silt and clay for roof 

tiles and burnt bricks production. Considering the methods suggested by many 

researchers to reduce to the clay and silt content in the soil, this soil washing method 

is perceived as a novel method. The study proves the feasibility of soil washing 

using a selected soil, suggesting the whole process. Due to the high varieties in soils 

taken from different places, the same results derived through this study cannot be 

directly applied. However, the suggested process can be used to find the time for 

sedimentation, the reusability level of water and the yield of finer.  

 

The first experimental study was focused on washed soils which contain more than 

90% of particles larger than clay and silt. To take the whole structure of the particle 

size distribution into account, the study focused on re-arranging the particle size 

distribution of the soil to match the optimization curves. Through this, the first 

objective of the research study (to develop a process to reduce clay and silt from a 

given soil to produced CSEB) was achieved. Five soil types with different soil 

grading were first used to check the effect of soil grading on CSEB properties. It 

shows, that if the soil grading is near the optimization curve, CSEB gains more 

desirable improvement. Use of washed soil for CSEB production needed 

rearrangement of soil grading. This rearrangement was done in accordance with 

particle packing theories. CSEBs produced with this rearranged soil showed 

improvements in their block properties. For this study, the soil was rearranged for 

three different clay and silt contents: 5%, 7.5% and 10%. The results show that high 

compressive strength can be achieved with 7.5% clay and silt content and 8% and 

10% cement contents. Most of the compressive strengths are acceptable for Grade I 

blocks, as per SLS 1382. The dry density and water absorption ratio are also higher 

than the values specified in SLS 1382. 
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The study focused on using fly ash as finer instead of silt and clay. The blocks made 

with fly ash addition showed that 10% cement stabilized blocks, achieved high value 

for dry and wet compressive strengths and those satisfied the Grade 1 requirements 

as mentioned in SLS 1382, part II. Also, 8% of cement stabilized blocks achieved 

the compressive strength values in the Grade 2 blocks range for all the fly ash 

addition. Even with 6% cement stabilization, 7.5 % fly ash addition gave a 

compressive strength in Grade 3 range. All the blocks, irrespective of the cement 

content and fly ash content, have the densities and water absorption values satisfying 

the SLS 1382 requirements. As a whole, the addition of fly ash as a part of finer 

resulted in the improvement of properties of CSEB. Since the produced blocks are 

with very low silt and clay content, these blocks are similar to cement blocks too. 

Therefore, the values of tested properties were compared with SLS 855 and the 

block properties were satisfied as per SLS 855. The durability of produced CSEB 

was tested using accelerated erosion test, wetting expansion and drying shrinkage. 

All the durability requirements as mentioned in SLS 1382 and SLS 855 were 

satisfied by the produced CSEB. According to the results obtained considering both 

strength and durability requirements, the study showed that the washed soil can be 

used effectively for CSEB production which satisfies the relevant standards. It 

covers the third objective of the study which is “To determine the properties of soil 

blocks produced from soil with reduced clay and silt”.  

 

Industrial scaled blocks were made for the selected 7.5% finer and 7% cement 

stabilization. According to test results, industrial scaled blocks satisfy the 

requirements of both Compressed Stabilized Earth Blocks and Cement Blocks as 

given in SLS 1382 and SLS 855 respectively.   

 

The study revealed that the use of separated silt and clay could be used for the 

production of roof tiles and burnt bricks. Since the properties of extracted soil did 

not show the sufficient texture and linear shrinkage to produce both the products, 

bricks and roof tiles, fly ash was added. Fly ash is an industrial waste hence, use of it 

for these production leads to manage the disposing of fly ash. Results show that 
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addition of 25% fly ash to the extracted clay gives optimum properties to both 

products. The properties of tested roof tiles and burnt bricks satisfy the requirements 

given in SLS 2 and SLS 39 respectively. Production of wire-cut bricks also proves 

that the use of extracted clay with fly ash mixing is a sustainable solution for 

building materials. According to these results, use of extracted clay for soil-based 

production can be recommended and it covers the achievement of the second 

objective of this study. 

 

As the fourth objective of the study, production cost of CSEB, burnt bricks and roof 

tiles were considered. The cost analysis of blocks also showed that the production 

cost of a block which is similar to an industry available block is around Rs. 35.00. 

Considering the average selling price of a block, around 20% profit can be secured 

from a block. Significant cost reduction with the production of roof tiles and bricks 

can also be secured.   

 

Finally, it can be concluded that the soil washing process can be used to separate 

finer particles and coarse particles to produce sustainable building materials as an 

innovative integrated approach. With this process waste and abundant soil can be 

utilized effectively by minimizing the adverse effect to the environmental. 

 

6.3. Recommendation for further studies  

The experimental study used a concrete mixer for washing process which proved the 

application of mechanical process for washing, separation of clay and silt and re-

cycling of water.  This area requires further investigation in the future to identify the 

best mechanical process and to optimise the use of water. 

 

Soil is very common material and available in large quantities with different ranges 

of clay and silt, sand and gravel.  The study used soils mainly consists of clay and 

silt in the range of 25% to 40%.  This type of soil is used in the construction industry 

for road and other constructions.  However, soils are available outside this range 

both lower clay and silt and higher clay and silt. The lower range is being used on 
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commercial basis to produce wash sand but washed part of clay and silt is not 

extracted.  Therefore, investigations require to recover clay and silt from soils both 

higher and lower ranges of this study. 

 

The present study mainly focused on reducing the clay and silt from a soil by soil 

washing and upgrading the particle size distribution using different range particles 

separated from the same soil. To change this particle size distribution, it is possible 

to use different range particles from another source. As an example, crushed 

construction waste with different sizes or bottom ash can be used.  

 

The production of CSEB requires the use vibrating type machines while generally 

CSEB use pressed type (often hydraulic) machines.  The experimental study used 

common vibrating type machines used for cement: sand blocks.  Therefore, further 

investigations are required to establish the best machine or the modification required 

for common cement: sand block making machines to produce best CSEB with lower 

clay and silt. 

 

For the production of burnt bricks, it is suggested to use open kiln for firing for 

every mix of fly ash with extracted clay. Wire-cut bricks also can be produced with 

all the fly ash percentages. Mixing of extracted clay with industry available clay for 

burnt bricks and roof tile production can be further researched.  
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