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Abstract 

Sustainable construction is a rapidly growing area of research focused on using industrial waste to replace Portland cement 

in concrete. This approach not only reduces CO2 emissions from cement production but also serves as an effective way to 

diminish the environmental impact of concrete production. This study aims to investigate the properties of Coal Bottom 

Ash (CBA) after undergoing two different treatments: flotation and burning. It also evaluates the impact of CBA as a 

cement replacement in concrete with different replacement percentages (5%, 10%, 15%, and 20%). Chemical analysis of 

CBA has revealed that it can be classified as a pozzolanic material due to its high content of silicates, aluminates, and iron 

oxides. The microstructure of CBA showed a porous, angular, and irregular surface with many voids. The findings of this 

study revealed that the optimum mix was 10% CBA, resulting in a 2% increase in compressive strength compared to the 

control mix after 56 days of curing. Additionally, the study evaluated the effects of sulfate and chloride on concrete. It was 

found that the mix with the burning treatment showed an overall increase in strength, while the flotation treatment did not 

reach the control mix's strength in any of the curing periods. Furthermore, the results demonstrated that CBA has significant 

potential as a cement replacement material, and the burning treatment showed improvement in concrete's overall properties 

compared to the raw material in terms of mechanical and chemical properties while reducing greenhouse gas emissions 

and enhancing the environment. 
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1. Introduction 

1.1. Research Background 

Concrete is one of the most widely used and versatile construction materials in the world, capable of being molded 

into various shapes and sizes and known for its high strength and durability [1–3]. It is used to build structures, bridges, 

dams, and other infrastructure, including the Burj Khalifa, the tallest building in the world, which was constructed with 

333,000 cubic meters of concrete [4–6]. However, concrete also has a significant environmental impact, as its main 

ingredient, Portland cement, accounts for about 8% of global CO2 emissions [7–10]. Furthermore, the production and 

disposal of concrete generate large amounts of waste and pollution. 

 
* Corresponding author: husam@unizwa.edu.om 

 
http://dx.doi.org/10.28991/CEJ-2024-010-04-08 

 

© 2024 by the authors. Licensee C.E.J, Tehran, Iran. This article is an open access article distributed under the terms and 
conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/). 

 

http://www.civilejournal.org/
http://creativecommons.org/
https://orcid.org/0000-0001-9978-2820
https://orcid.org/0000-0002-3450-5109
https://orcid.org/0000-0003-4906-3486
https://orcid.org/0000-0003-4662-4217
https://creativecommons.org/licenses/by/4.0/


Civil Engineering Journal         Vol. 10, No. 04, April, 2024 

1126 

 

Therefore, there is a need for more sustainable and eco-friendly alternatives to Portland cement in concrete 

production. One of the potential alternatives is the use of industrial waste materials, such as fly ash, slag, silica fume, 

and rice husk ash, as cement substitutes in concrete. These materials, known as pozzolans, are substances that react with 

calcium hydroxide and water to form cementitious compounds. Using pozzolans in concrete can reduce the amount of 

Portland cement required, thereby lowering CO2 emissions and the cost of concrete production. Moreover, pozzolans 

can improve the properties and performance of concrete, such as its strength, durability, workability, and resistance to 

chemical attacks. 

However, not all pozzolans are equally available and suitable for concrete production. Some, such as fly ash and 

slag, are in high demand and may face supply shortages in the future [11, 12]. Others, like silica fume and rice husk ash, 

are expensive and difficult to handle and store. Therefore, more research is needed on the feasibility and effectiveness 

of other pozzolanic materials that are abundant, inexpensive, and easy to use. 

One such material is Coal Bottom Ash (CBA), a by-product of coal combustion in thermal power plants. According 

to the American Coal Ash Association (ACAA), 40.13 percent of the coal ash production rate, or 12 million tons of 

CBA, was produced in 2015 [13, 14]. CBA has been identified as a substance that endangers human health and safety. 

However, it also has a high potential to be used as a pozzolan in concrete due to its high content of silicate, aluminate, 

and iron oxide, which are the main components of pozzolanic reactions. Moreover, CBA's porous, angular, and irregular 

shape and texture can enhance the interlocking and bonding between aggregates and the cement paste in concrete. 

The use of CBA as a cement substitute in concrete has been studied by several researchers, but the results are 

inconsistent and inconclusive. Some studies have reported that CBA can improve the strength, durability, and 

workability of concrete [15–22], while others have found that CBA can reduce these properties [23–25]. The 

discrepancies may be due to the different sources, compositions, and treatments of CBA, as well as the different mix 

proportions, curing conditions, and testing methods of concrete. 

Therefore, there is a research gap in the literature on the properties and effects of CBA as a cement substitute in 

concrete, especially after undergoing different treatments. These treatments can alter the physical and chemical 

characteristics of CBA, affecting its performance and compatibility with concrete. They can also reduce the 

environmental impact of CBA disposal by transforming it into a more valuable and useful material. The aim of this 

research is to bridge this crucial knowledge gap by thoroughly exploring the effects of two distinct treatments—flotation 

and burning—on CBA, with a particular emphasis on the use of finer particles (100 microns). Flotation, a method that 

leverages air bubbles and water, segregates these lighter, finer CBA particles from their heavier, coarser counterparts. 

Conversely, the burning process incinerates organic matter and carbon content within CBA through the application of 

high temperatures and oxygen. Furthermore, this study delves into the potential of finely processed CBA to serve as a 

substitute for traditional cement in concrete, examining a range of replacement ratios (5%, 10%, 15%, and 20%). 

1.2. Literature Review 

CBA, a by-product of coal combustion in thermal power plants, is influenced by coal type, combustion conditions, 

and collection methods. In 2015, the ACAA reported that 40.13 percent of the coal ash production, equivalent to 12 

million tons of CBA, was generated [11]. CBA exhibits diverse sizes (0.075 to 19 mm) and shapes (spherical, angular, 

or irregular). The ratio of fly ash to bottom ash, dependent on coal type and combustion temperature, typically ranges 

from 25% to 90% [16, 26]. Key concrete production parameters like specific gravity, water absorption, and fineness 

modulus are influenced by CBA's size and shape variations. The specific gravity of CBA ranges from 1.39 to 2.66, 

which is lower than that of natural aggregates, and water absorption ranges from 3.7% to 20%, with the fineness modulus 

ranging from 2.2 to 3.0 [1, 13, 23, 27]. CBA's chemical composition, comprising silica (SiO2), alumina (Al2O3), and 

iron oxide (Fe2O3), accounts for 50% to 80% of its mass [25]. These components contribute to pozzolanic reactions in 

concrete. However, impurities like carbon (1% to 20%), sulfur (0.1% to 2%), and chlorine (0.01% to 0.1%) vary, 

impacting CBA's reactivity [17, 24, 28]. High carbon content reduces specific gravity and increases water absorption, 

affecting mix design and workability. Sulfur content may lead to sulfate attack, damaging concrete structures, while 

chlorine content can cause chloride attack, potentially corroding steel reinforcement in concrete [8, 27, 29]. Careful 

consideration of CBA's variability is crucial for its effective use in concrete applications. 

The impact of CBA on the workability of freshly made concrete is highlighted by its influence on the surface area, 

shape, water content, and texture of the added materials. The use of CBA as an alternative to Portland Cement (PC) 

notably affects concrete's fresh properties by enhancing inter-particle friction, which restricts the free flow of concrete. 

Specifically, concrete with 10% Ground CBA showed a decrease in slump values by about 10%, indicating reduced 

workability compared to control concrete due to the Ground CBA's additional water absorption and its uneven surface 

texture [11]. Conversely, other investigations noted an improvement in workability with increased Ground CBA content, 

though explanations for these findings were not fully discussed [30]. 

Grinding can also reduce the water absorption and increase the specific gravity of CBA, which can affect the mix 

design and the workability of concrete. Singh et al. reported that grinding CBA for 60 minutes reduced the particle size 
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from 4.75 mm to 75 μm and increased the pozzolanic activity index from 55% to 85%. Ground CBA in concrete 

significantly enhances resistance to chloride attack, reducing chloride migration and diffusion. Concrete with 10% CBA 

shows 1.7 times lower chloride migration than with Fly Ash (FA), and 25% CBA achieves 3.8 times lower diffusion 

than with 25% FA. The chloride penetration depth decreases from 76 mm in control concrete to 17 mm with increased 

CBA content, indicating improved chloride resistance with CBA use [17, 30]. 

Pulverizing is a process that crushes and grinds the CBA particles into a fine powder using high pressure and impact. 

Pulverizing can increase the fineness and pozzolanicity of CBA, which can improve the reactivity and strength of 

concrete. Pulverizing can also reduce the water absorption and increase the specific gravity of CBA, affecting the mix 

design and workability of concrete. Jamaluddin et al. reported that pulverizing CBA for 30 minutes reduced the particle 

size from 4.75 mm to 45 μm [13, 27]. 

The compressive strength of concrete with CBA replacement varies with CBA content and curing time. At low 

replacement levels (3.7%), compressive strength increased by 6%, while higher levels (up to 43.7%) reduced strength 

by 8% to 30% after 28–90 days, compared to control concrete. However, extended curing showed strength 

improvements, attributed to CBA's pozzolanic activity. Certain studies found that 15%–20% CBA replacements could 

equal or surpass control strength at later curing stages, indicating a complex relationship between CBA's physical 

properties, replacement percentage, and concrete's compressive strength over time [30]. 

Flexural strength results from CBA in concrete show variable outcomes. Up to a 15% CBA substitution, 

improvements are noted, with flexural strength increasing by 23% at a 30% replacement level when mixed with 

Aluminum powder. However, high-volume substitutions (70%) lead to decreased strength, although adding lime can 

mitigate this effect, enhancing strength at all curing periods. The impact of CBA on flexural strength is thus dependent 

on the level of substitution and the addition of other materials [23, 28, 30]. On the other hand, Jamaluddin et al. 

demonstrated that self-compacting concrete (SCC) incorporating CBA as a partial fine aggregate replacement exhibited 

decreased flexural strength, particularly as the water to cement ratio increased from 0.35 to 0.45. The reduction in 

flexural strength was observed with the increase in CBA content up to 30% volumetric replacement of natural sand. 

This suggests that while CBA can be used in SCC, its inclusion at higher percentages may adversely affect the concrete's 

structural performance, especially in terms of its flexural capabilities [13]. 

Khan et al. research highlights the potential of ground CBA as a supplementary cementitious material to improve 

the durability of concrete against acid and sulfate attacks [31]. The findings suggest that not only does the replacement 

level of CBA influence the concrete's resistance to such attacks, but also that ground CBA can enhance the long-term 

performance of concrete by reducing the penetrability of harmful agents. Resistance to sulfate attack in concrete with a 

10% replacement of Portland Cement (PC) by Ground CBA was evaluated over curing periods of 28 to 90 days. Results 

indicated that mixes with Ground CBA demonstrated comparable or improved resistance against sulfate deterioration 

compared to control mixes without CBA. 

1.3. Motivation and Objective  

Several researchers have emphasized that CBA is a toxic material posing risks to human health and safety, as noted 

in the literature review. To enhance the quality of concrete while promoting a greener and more sustainable world, an 

innovative and environmentally friendly method has been developed for reusing or recycling industrial waste, such as 

CBA, in concrete mixtures. Key factors considered to improve the mechanical properties of concrete include the amount 

of cement replacement material, the treatment method applied to the CBA, and the curing times. The microstructure and 

chemical composition of CBA are also crucial elements for concrete bonding that must be considered. The durability of 

ordinary Portland cement (OPC) in harsh environmental conditions—such as those encountered in wastewater treatment 

plants, underground structures, and coastal structures—significantly impacts the performance of concrete structures. 

Therefore, enhancing concrete's permeability might accelerate damage by facilitating quicker penetration of harmful 

substances. 

This study aims to enhance the mechanical and durability properties of concrete, including its compressive, tensile, 

and flexural strengths, alongside evaluating slump test results. It will also examine concrete's resilience against 

environmental challenges like sulfate and chloride attacks to fully utilize CBA as a sustainable cement alternative. Given 

the inconsistent findings from previous research on CBA's impact—particularly regarding the effects of flotation, 

burning treatments, and the incorporation of finer particles (100 microns)—this research seeks to address these 

discrepancies. It focuses on a thorough assessment of CBA's role as a cement substitute, aiming to clarify its application 

for improved concrete sustainability and durability. 

The purpose of this study is to illustrate the importance of evaluating the effects of different CBA replacement 

percentages on the fresh properties of concrete. It aims to assess the impact of CBA percentages as a replacement for 

cement on the characteristics of freshly poured and hardened concrete. Furthermore, the study seeks to determine the 

impact of carbon treatments, such as burning and flotation, on CBA-enhanced concrete, focusing on the mechanical 

characteristics of both fresh and hardened concrete. Additionally, it involves evaluating the impact of various CBA 

treatments on the strength and durability development of concrete incorporating CBA. 
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2. Material and Methods 

The quality of Concrete Bottom Ash (CBA) concrete, as illustrated in Figure 1, is analyzed by examining the 

chemical and mechanical properties of CBA as a substitute for cement, as well as the microstructure of the ash particles. 

This study typically begins with a literature review, gathering data from various publications and scholarly articles, 

before proceeding to experimental testing. To enhance the pozzolanic reaction, CBA will undergo two types of 

treatments in this study: burning therapy and flotation treatment. The mechanical characteristics of CBA and the 

microstructure of each treatment will be examined using varied CBA proportions of 5%, 10%, 15%, and 20% to identify 

the most optimal and efficient percentage for CBA concrete proportions as a cement replacement material. The 

mechanical properties to be evaluated include splitting tensile, compressive strength, and flexural strength tests. On the 

other hand, X-ray fluorescence (XRF) tests and scanning electron microscopy (SEM) are used to examine the 

microstructure and chemical composition of CBA. Additionally, after every 28 and 56 days for various mixes, the 

following tests for chemical properties will be carried out: compression test, water absorption test, sulfate penetration 

test, and chloride penetration test. 

 

Figure 1. Flowchart of methodology 

Throughout this research, nine cubes for each mix of CBA as a cement replacement material—5%, 10%, 15%, and 

20%, as well as the control mix, with three cubes for varying curing times of 7, 28, and 56 days—were subjected to 

compression tests. Additionally, only a 28-day curing period is used for the flexural test on three prism specimens for 

each combination. Similar to the splitting tensile test, six specimens are prepared for each combination for curing times 

of 7 and 28 days. Additionally, the samples' chemical properties will be determined by a 5% concentration of chloride 

and sulfate solution, which other researchers have identified as appropriate. Three samples from each mixture will be 

evaluated to obtain an average result. The two different treatment techniques used in this investigation, flotation and 

burning, are depicted in Figure 1. 

2.1.1. Burning Treatment 

According to Ibrahim et al. [32], this treatment procedure begins with burning the CBA at a temperature of 110 ± 5 

for 24 hours before grinding it in a Los Angeles machine for two hours. The particles formed from such a process are 

then employed in the experiment and have passed a sieve size of 100 microns as shown in Figure 2. 
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Figure 2. Flotation treatment 

2.1.2. Flotation Treatment 

According to Um et al. [17]. during the column flotation, air was injected at a flow rate of 10 L/min with a pH of 

8. Each sample, weighing between 6.5 and 52 g/L, was subjected to the flotation procedure. 500 g/ton of kerosene 

and 80 g/ton of MIBC (Methyl Isobutyl Carbinol) were employed as reagents. After being ground for two hours in a 

Los Angeles machine and passing through a 100-micron sieve size, it will be employed in the experiment as shown 

in Figure 3. 

 

Figure 3. Flotation treatment 

2.1.3. Chemical Compositions 

The XRF test results, displayed in Table 1, demonstrate that CBA qualifies as a Class F natural pozzolan according 

to ASTM C 618 [33], containing SiO2, Al2O3, and Fe2O3 at levels totalling 70%. With less than 9% lime (CaO) content, 

raw CBA exhibits very low pozzolanic (lime) properties. To form cementitious mixtures, CBA requires a cementing 

agent, such as quicklime, hydrated lime, or Portland cement, which reacts with water. In terms of treated CBA, the main 

differences include a 20% reduction in the percentage of SiO2 following the burning treatment compared to the flotation 

treatment. Conversely, Fe2O3 increases by 40% in the flotation treatment compared to the burning treatment. However, 

the higher percentage of silicates (SiO2) in the burning treatment enhances the hydration reaction in concrete compared 

to the flotation treatment. 

Table 1. Results from the XRF 

Element Burning Flotation RAW 

SiO2 40.72% 32.52% 43.61% 

AL2O3 13.79% 10.96% 14.47% 

Fe2O3 9.55 % 15.95 % 10.99% 

CaO 8.00 % 16.63 % 8.82% 

K2O 0.77 % 0.71 % 0.85% 

Na2O 0.64 % 0.63 % 0.83% 
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2.1.4. Cement  

In this study, Ordinary Portland Cement (OPC) type I is used, classified according to ASTM C150 / C150M [34] 

and supplied by a local manufacturer. 

2.1.5. Coarse Aggregates and Fine Aggregate 

Following ASTM C33 [35] standard practice, the coarse aggregates used in this study had a maximum size of a pass-

through 20mm sieve. According to ASTM C33 [19] standard practice, the fine aggregates used in this study had a 

maximum size of pass-through 4.75mm sieve. 

2.1. Specimen Mix Design 

As can be seen in Table 2, the mix design method employed in this study was based on (DOE) to design concrete 

grade G35. The water content is fixed at 225 kg/m3 and the water-to-cement/binder ratio is 0.55. 5%, 10%, 15%, and 

20% of the cement is replaced with CBA. 

Table 2. Mixture proportions of the binary blended-based CBA 

Description Notation 
Rep by 

weight % 

Cement 

kg⁄m2 

CBA 

kg⁄m2 

Fine aggregate 

kg⁄m2 

Coarse 

aggregate kg⁄m2 

Water 

kg⁄m2 

Control mix concrete M1 0 409 0 486 1250 225 

Concrete Mix with CBA M2 5% 388.55 20.45 486 1250 225 

Concrete Mix with CBA M3 10% 368.1 40.9 486 1250 225 

Concrete Mix with CBA M4 15% 347.65 61.35 486 1250 225 

Concrete Mix with CBA M5 20% 327.2 81.8 486 1250 225 

2.1.1. Molds Preparation 

The summary of the total number, and dimensions of the samples is tabulated where (OPC s referring to control mix) 

in Tables 3 and 4. 

Table 3. Specimen details for every mix 

Sample Name Specimen Dimensions (mm) Test Age 

1 Compression Cube 100x100x100 7 days 

2 Compression Cube 100x100x101 28 days 

3 Compression Cube 100x100x102 56 days 

4 Flexural Prism 100x100x500 28 days 

5 Splitting tensile Cylinders dia 100x200 7 days 

6 Splitting tensile Cylinders dia 100x201 28 days 

Table 4. Number of samples for every mix 

 Compressive test MPa Flexural Strength MPa Splitting tensile MPa 
Total 

Curing time 7 days 28 days 56 days 28 days 7 days 28 days 

100% OPC 3 12 12 3 3 3 

 

5% CBA 95% OPC 3 12 12 3 3 3 

10% CBA 90% OPC 3 12 12 3 3 3 

15% CBA 85% OPC 3 12 12 3 3 3 

20% CBA 80% OPC 3 12 12 3 3 3 

Total 15 60 60 15 15 15 180 

2.2. Tests for Mechanical Properties of Concrete 

2.2.1. Compression Test 

This concrete is properly poured into molds and tamped to prevent any voids. The molds are removed after 24 hours, 

and the test specimens are then submerged in water to cure. The top surfaces of these specimens should be level and 

smooth. After 7, 28, and 56 days of curing, these specimens are tested by a compression testing machine to determine 

the pozzolanic reaction of CBA. The load should be gradually added until the specimens fail. The compressive strength 
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of the concrete is calculated by dividing the load at failure by the specimen's area, in accordance with ASTM 

C109/C109M [36]. Compression tests are performed on cubic specimens with an edge length of 100 mm. Before testing, 

the cubes should be dried in the sun. Three specimens per mix are tested, and their average strength is computed. When 

testing cubes, the specimen must be positioned in the machine so that the load is applied to the opposite sides as they 

were cast. The specimen's axes must align precisely with the plate's center of thrust. The compression test is conducted 

on a laboratory universal testing machine with a load rate of 6 KN/s and a capacity of 5000 KN. 

2.2.2. Flexural Test 

The flexural test on concrete can be conducted using either a four-point load test, as used in this experiment according 

to ASTM C78 [37], or a center point load test according to ASTM C293 [38]. The sample is placed on two supporting 

pins set a certain distance apart, with two loading pins placed at an equal distance around the center, as shown in Figures. 

The test should be conducted immediately after removing the specimen from the curing condition to prevent surface 

drying, which decreases flexural strength. The machine used has a capacity of 5000KN, and the load rate of the 

experiment is 1.57 KN/s, as shown in Figures 4 and 5. 

 

Figure 4. Four-point load test 

 

Figure 5. Four point’s flexural test 

2.2.3. Splitting Tensile Test 

The splitting tensile strength test on a concrete cylinder, adhering to ASTM C496 [39], is used to determine the 

tensile strength of concrete. The equipment utilized for this test has a capacity of 5000KN, with a load rate set at 1.57 

KN/s. After curing, ensure the specimen’s surface is completely dry, conforming to ASTM C496. The machine should 

apply the load steadily until the specimen breaks, as depicted in Figures 6 and 7. 

 

Figure 6. Splitting tensile test 
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Figure 7. Splitting tensile sample after fail 

2.3. Tests for Chemical Properties of Concrete 

2.3.1. Water Absorption Test 

The concrete cubes required 28 and 56 days to cure after casting. A saturated water absorption (SWA) test was 

conducted according to ASTM C 642-81 [40], 28 and 56 days after curing. The samples were removed from the curing 

tank, dried at 105°C for 24 hours in the oven, cooled to room temperature, and then precisely weighed (dry weight) as 

W1. Then, the dried samples were submerged in water. After wiping the surface with a dry cloth at predetermined 

intervals of 12 hours, specimen weights were recorded. A constant weight, W2, was obtained in two consecutive 

observations after at least 48 hours. The percentage of water absorption was calculated using the formula below: 

Water absorbed = (W1 - W2 / W2) × 100 (1) 

2.3.2. Sulphate Penetration Test 

According to Mangi et al. [27], sodium sulphate (Na2SO4) solution was made. Ten grams of sodium sulphate were 

dissolved in 100 ml of solution to make a 5% Na2SO4 solution, which was mixed with water by percentage by weight 

(w/v). The cubes were then submerged in this solution after curing for 28 days. After being in the solution for 28, 56 

days, the cubes were removed and dried on the surface. The cubes' surfaces were scrubbed and cleaned, and the final 

weights were determined as shown in Figure 8. 

The formula for weight percent (w/v) is: [Mass of solute (g) / Volume of solution (ml)] × 100 (2) 

 

Figure 8. samples under 5% Na2SO4 solution 

2.3.3. Chloride Penetration Test 

According to Mangi et al. [27], sodium chloride (NaCl) solution was made. Ten grams of sodium chloride were 

dissolved in 100 ml of water to create a 5% sodium chloride solution. This mixture was done using percentage by weight 

(w/v). The cubes were then submerged in this solution after curing for 28 days. After 28, 56 days, the cubes were 

removed from this solution and the surface dried. After cleaning and scrubbing the cubes' surface, the specimen's final 

surface dry weights were determined. 
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3. Results and Discussion 

3.1. Microstructure 

The microstructure of the three samples of the CBA of (raw, burning and flotation) shows that CBA has a porous 

surface. Many voids were observed due to their angular, rough textured and irregular shaped particles. Also, the raw 

material has several impurities such as dust on the surface compared to the treated sample as shown in Figure 9. 

   

(a) (b) (c) 

Figure 9. Raw CBA (a) Burning (b) Flotation (c) at 100 µm 

3.2. Mechanical Properties 

The mechanical properties of normal and CBA concrete are discussed in this section which includes the results of a 

compression strength, flexural strength and splitting tensile strength of the rubberized concrete. 

3.2.1. Slump Test 

The data in Figure 10 shows that the slump value of concrete decreases as the CBA percentage increases, for both 

burning and flotation treatment methods. This trend can be attributed to the high-water absorption ratio of CBA, which 

results from its porous surface and numerous voids. Additionally, the uneven surface texture of the CBA particles also 

plays a role in diminishing slump values. Notably, the treatment method applied to the CBA whether burning or flotation 

does not markedly influence the concrete's workability; the decline in slump values follows a similar trajectory for both 

treatments. The slope of this decline for each treatment method is roughly equivalent, indicating that the workability of 

concrete incorporating CBA is not significantly altered by the method of CBA treatment. 

 

Figure 10. Slump test of CBA mixes after burning and flotation treatment 

3.2.2. Compressive Strength 

At 7, 28, and 56 days, all mixes underwent compression testing. Except for 10% CBA by burning treatment, all 

concrete samples produced with CBA replacement are generally lower than the control mix. Additionally, the findings 

show that burning CBA concrete rather than flotation treatment is preferred because it exhibits exceptional improvement, 

as shown in Figures 11 and 12. 
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Figure 11. Compressive Strength of CBA mixes after Burning Treatment 

 

Figure 12. Compressive Strength of CBA mixes after Flotation Treatment 

Additionally, the compressive strength of CBA treated by burning improves as CBA percentage rises until 10% 

before declining. However, the results show that, except for 20% CBA sample, CBA concrete reached the design 

strength of 35MPa after 28 days of curing. Figure 11 illustrates the strength starting to decline below the control mix at 

56 days with a compressive strength of 10% CBA exceeding the control mix by 2%. As shown in Figure 12 the CBA 

samples that are treated by flotation present a drop in the strength as the CBA percentage increase and it never reach the 

control mix strength in any of the curing times. Some observations from Flotation Compression test results are that it 

took CBA concrete of 5% and 10% 56 days of curing to reach the design strength 35 MPa then the strength start to drop 

for 15% and 20%. 

From Figure 11 and Figure 12 the huge difference between the burning and flotation treatment as most of the sample 

reached the designed strength at 28 days by burning treatment as for the flotation treatment it took it 56 days. However, 

that difference is indicated in the chemical compositions between the two of treatment methods as percentage of SiO2 

in the burning treatment is more than the flotation treatment by 20%. The difference in the chemical composition made 

burning treatment improve the concrete compressive strength by improving the hydration process, as SiO2 is one of its 

main components. Also, the chemical composition helped to explain the slope of increasing strength at 10% of CBA 

then decreasing for 15% and 20% that is due the bottom ash requires a cementing agent such as Portland cement to 

reacts with water, if that percentage exceeded the CBA cannot be active in the hydration process. Beyond a 10% 

threshold, excess CBA does not contribute actively to the hydration process, thereby limiting further strength 

improvements. 
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3.2.3. Splitting Tensile Test 

By conducting the test on cylinder specimens at 7 and 28 days after curing, the splitting tensile test is used to 

determine the tensile strength of the concrete. The split tensile of the CBA increased for the two treatment methods up 

to 10% CBA before starting to decline for 15% and 20%, according to the results shown in Figures 13 and 14. The 

control sample also produced strengths of 7.75 MPa after 7 days and 11.72 MPa after 28 days. Where burning treatment 

CBA concrete of 10% which resulted in 7.88 MPa and 13.02 MPa exceed the control mix at 7 day and 28 days, 

respectively shown in Figure 13. As for the Flotation treatment the 10% CBA concrete exceeded the control mix at 7 

days split tensile strength but at 28 days it decreases by 8.3% compared to the control mix. Because of the slow hydration 

process that is caused by less silicate compared to burning CBA sample as shown in Figure 14. The improvement in 

split tensile strength, particularly with burning treatment, underscores the chemical composition and particle shape of 

CBA as key factors enhancing concrete's bonding and paste quality. This detailed analysis confirms the nuanced role of 

CBA in concrete's tensile strength, emphasizing the importance of treatment method and CBA content in achieving 

optimal concrete performance. 

 

Figure 13. Split Tensile Strength of CBA mixes after Burning Treatment 

 

Figure 14. Split Tensile Strength of CBA mixes after Flotation Treatment 
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Figure 15. Flexural Strength of CBA mixes after Burning Treatment 

 

Figure 16. Flexural Strength of CBA mixes after Flotation Treatment 

Figure 15 shows CBA concrete by burning treatment rise in the strength until 10% then reduction for 15% and 20%. 
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average strength for 10% CBA compared to the control mix average of 10.7 MPa. The specimens were capable of 

withstanding measurable post failure load. As for the flotation treatment sample shown in Figure 16 the flexural strength 
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3.3. Chemical Properties 

3.3.1. Saturated Water Absorption 

The water absorption of burned CBA at 28 days of all the mixes contain CBA M2, M3, and M4 was found less than 

the control mix M1 except M5 which was higher than control mix, while the burned CBA at 56 days for the mixes M2 

and M3 were found less than M1 and the rest of mixes were found higher than M1. The volume of water absorption in 

the concrete corresponds with the degree of porosity. Consequently, the result revealed that the concrete contains 5% 

and 10% of burned CBA will be able to enhance the degree of porosity of concrete more than control mix M1 for 28 

and 56 days, as presented in Figure 17. 

 

Figure 17. Saturated water absorption of all mixes subjected to burning treatment 

On the contrary, the result of the CBA that treated with flotation revealed that at 28 days the water absorption of the 

mixes M2 and M3 was lesser than M1, while at 56 days all mixes M2, M3, M4, and M5 was higher than control mix 

M1. Hence, the degree of porosity for control mix superior on all the mixes contain CBA that treated with flotation, 

because the flotation treatment failed to enhance the degree of porosity for all mixes for short-term period, as presented 

in Figure 18. The expected drop in capillary absorption coefficients was noticed due to a reduction in overall porosity 

levels due to optimal particle packing and distribution. This suggests that while flotation treatment may initially improve 

porosity, its long-term effects do not sustain reduced water absorption, potentially due to the slower hydration process 

within the concrete matrix. 

 

Figure 18. Saturated water absorption of all mixes subjected to flotation treatment 
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3.3.2. Compressive Strength of Concrete Submerged in 5% NaCl 

The study investigated the effectiveness of concrete exposed for 28 and 56 days to a 5% sodium chloride (NaCl) 

solution under burning and flotation conditions. The findings indicated that the strength development of concrete mixes 

M2, M3, M4, and M5 was slower under 5% sodium chloride (NaCl) exposure conditions compared to the control mix 

M1. This slower development is attributed to the chloride solution producing chloro aluminate, which can cause 

deterioration at later ages. Additionally, the inclusion of CBA, containing amorphous silica, reacts with this chloro 

aluminate at later stages. The leaching of calcium hydroxide, CaOH2, created by cement hydration and the formation of 

C-S-H (calcium silicate hydrate) gel, crucial in concrete, leads to a reduction in calcium hydroxide present due to the 

reaction between amorphous silica and calcium hydroxide. Thus, the presence of chloride solution impacts pore sizes 

and disrupts the hydration process, affecting the external appearance of concrete. Moreover, chloride ions influence the 

pore size distribution, critical for the properties of hardened concrete, resulting in potential harm or alterations, as 

depicted in Figures 19 and 20. 

 

Figure 19. Compressive strength of concrete submerged in 5% NaCl Burning treatment 

 

Figure 20. Compressive strength of concrete submerged in 5% NaCl Flotation treatment 
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Figure 21. Compressive strength of concrete submerged in 5% Na2SO4 Burning treatment 

 

Figure 22. Compressive strength of concrete submerged in 5% Na2SO4 Flotation treatment 
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was noticed in all mixes of concrete with CBA than the control mix. As a result, less weight gain was observed in control 

mix M1. Furthermore, the adverse effects of a NaCl solution on concrete mixes caused a compromised formation of 

calcium silicate hydrate (C-S-H) gel, which led to affecting pore sizes and disrupts the hydration process. 

 

Figure 23. Change in weight for concrete submerged in 5% NaCl Burning treatment 

 

Figure 24. Change in weight for concrete submerged in 5% NaCl Flotation treatment 

3.3.5. Sodium Sulphate Penetration 

The impact of immersing concrete samples in a 5% Na2SO4 solution on weight change was evaluated for specimens 
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M1, suggests that the incorporation of CBA in these mixes could effectively reduce the hydration process and decrease 

the concrete's permeability to salts. This inclusion of CBA appears to have partially clogged the voids within the concrete 

matrix, thereby potentially enhancing the strength development in the concrete mix. 
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Figure 25. Change in weight for concrete submerged in 5% Na2SO4 Burning treatment 

 

Figure 26. Change in weight for concrete submerged in 5% Na2SO4 Flotation treatment 

4. Conclusions 

The study and experimental results discussed in the previous chapter have led to the following conclusions: 
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• Concrete containing CBA provides sufficient compressive strength, higher than the control mix with a 10% 

increment of CBA, when exposed to a 5% Na2SO4 solution. Moreover, it is not adversely affected under Na2SO4 

solution exposure. However, under a 5% sodium chloride (NaCl) solution, the pozzolanic reaction becomes 

slower and requires more time to recover. 

• The burning treatment proves to be more effective in enhancing the durability and strength of CBA concrete than 

the flotation treatment. 

• The microstructure of treated coal bottom ash reveals particles that are denser and less porous, which could be 

comparable to OPC particles. 
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