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Abstract  

 

This study aims to investigate the pozzolanic reactivity of bagasse ash while partially replacing 

cement. Rapid, reliable, and relevant (R3) testing techniques were employed. This was done by 

measuring the heat of hydration and by determining the amount of bound water. The blending 

of cement made the paste require more water, to enhance the setting time, have more peaks in a 

narrower range position of °2θ and with Aluminum containing compounds, to have a lower 

average crystallite size (16.46ηm) and lower diffraction angle. The cumulative heat flow in the 

blended samples decreased to 275.18J/g at 170hours and the maximum rate of heat flow 

decreased to 69.41J/gh which was found delayed at 5 minutes and 13 seconds. The difference in 

heat of hydration between the reference and blended sample increases as time increases starting 

from 3J/g on the 1st day to 9J/g on the 3rd day. Blended samples were found to have lower bound 

water(gram) (2.58%) content on day 1 than the reference. Compressive strength at an early age 

(≤ 1 day) is lower in the bagasse ash (BA) blended mortar cubes and during later days 

compressive strength of BA blended mortar cubes were the highest and quartz blended mortar 

cubes were the lowest. Besides, the pozzolanic activity of bagasse ash (PABA) was found to be 

346.08mg of Ca(OH)2 per gram of bagasse ash. Results were compared with the strength 

development and pozzolanic activity determination test. The presence of pozzolanic reactivity of 

the bagasse ash was confirmed, and results were found to be coherent and in agreement with 

each other. 

 

Keywords: Pozzolanic activity, Reactivity test, Heat of hydration, Bound water, Modified 

Chapelle test, Isothermal calorimeter, Cumulative heat flow, Compressive strength 

 

 

Introduction 

 

To cope with the increasing need for construction materials of good quality, the utilization of 

alternative materials that are renewable, cheaper, and eco-friendly is important. Studies on partial 

and full replacement of the most widely used materials, such as cement, by renewable alternative 

construction materials are important to secure the sustainability of production. Bagasse ash is one 

of these materials that have the potential to partially replace cement which results in improvement 

in the concrete properties. However, the cause of this property improvement has not been well 

investigated and properly addressed in previous studies. Investigating this gap is the focus of this 

study by examining the pozzolanic reactivity of bagasse ash in concrete at a 10% level of 

replacement of cement. 

Partially or fully replacing cement with bagasse ash will save a significant amount of virgin 

material, cost, and production energy [1],[2]; improve the properties of concrete [3]; play an 

important role in the reduction of Carbon emission and other environmental impacts [2]; and 

assists in waste management and green concrete production by ensuring sustainability [1]. 

However, these need a careful and detailed study since the utilization of replacing materials has 
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its own limitations and constraints. For efficient and effective utilization of bagasse ash as a 

replacement material, determining the replacement level and studying the mechanisms formed 

during hydration is mandatory. In this study, mechanisms formed during hydration are 

investigated by developing and selecting appropriate characterizing and testing methods. 

Sugar cane bagasse is an agro-fibrous waste after the extraction of juice from the sugar cane. 

The major by-products of sugar are molasses, ethanol, and bagasse. Bagasse ash is found after 

burning the bagasse in the open air. Jahanzaib Khalil, Aslam [3] found 55.05-78.34 percent of 

Silica in bagasse ash in different studies which is responsible for the pozzolanic property. The 

chemical composition of bagasse ash depends on the plantation area. According to Jahanzaib 

Khalil, Aslam [3], the bagasse ash chemical composition is affected by the incineration 

temperature, method, time, temperature, and grinding mechanism. 

The amount of sugar cane produced in 2022 was 1,922.06 million tons worldwide [4] and 1 

ton of sugar cane will generate 270 Kg of sugar cane bagasse [5]. Ethiopia will have a potential 

of 1.17 million tons of bagasse ash per year when factories run at full capacity [6]. Meanwhile, 

the annual cement consumption of Ethiopia in 2025 was estimated to be 19.97 million tons [7]. 

This shows that the utilization of bagasse ash as a cement replacing material can save a significant 

amount of cement every year. 

The partial replacement of cement with bagasse ash was found to have an improvement in 

workability [8]; increment in compressive strength [9],[10]; increment in flexural strength 

[11],[12]; increment in splitting tensile strength [13]; improvement in durability [11]; increment 

in resistance to chloride ions, acid and sulfate attacks, and the alkali–silica reaction [2]; reduction 

in the heat of hydration [14],[15]; and strengthen the interfacial transition zone between cement 

matrix and the aggregates [16]. However, these property improvements were achieved up to a 

certain level of replacement of cement with bagasse ash. Optimum property improvement in 

terms of mechanical performance and durability was achieved at a 10% level of replacement of 

cement by bagasse ash [3].  

In addition to the above benefits, replacing some parts of cement will reduce the water, air, 

and land degradation and pollution caused by the production of that amount of cement [17]. To 

produce 1 ton of cement, 0.85 tons of CO2 will be produced and released into the air contributing 

to global carbon emissions [18]. Conversion of waste materials, which were supposed to pollute 

the environment, into useful materials will contribute to waste management in keeping the 

environment clean. 

SCMs (Supplementary Cementitious Materials) are materials used to partially replace 

Portland clinker without affecting early strength development [19]. Berodier [20] indicates 

limitations on the utilization of SCMs as good quality SCMs have limited availability; SCMs 

have a maximal replacement level beyond which the strength decreases; and SCMs have a slow 

strength development at an early age caused by slow reactivity. Having a better understanding of 

the hydration process and reaction mechanism helps to solve their limitation [20],[21]. 

Results obtained from previous pozzolanic reactivity studies using different methods were not 

in agreement with compressive strength development. This makes the methodology employed to 

investigate the problem unreliable. The pozzolanic reactivity can be determined by measuring the 

consumption of portlandite, the reaction degree of SCM, the amount of bound water, the heat 

released during the reaction, or the volume change over the reaction. The compressive strength 

tests were correlated to these SCM screening tests [22].  

Thus, this study investigated the pozzolanic reactivity of bagasse ash while replacing cement 

partially by measuring heat flow using an Isothermal calorimeter and with a bound water 

determination test using oven treatment. Results were compared with the compressive strength 

and the determined amount of pozzolanic activity of bagasse ash (PABA). This study attempts to 

fill the gap by using a rapid, relevant, and reliable (R3) testing approach. 
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Mode of Action of SCMs 

 

Different possible reasons were given for the improvement in the concrete property when it 

is blended with SCMs. These are due to the filler effect and pozzolanic reaction of SCMs. The 

filler effect is the physical presence of SCMs or even an inert material that impacts the reaction 

of the clinker phases. The filler effect impacts the reactivity by providing relatively more space 

for the formation of clinker hydrates since the portion of the clinker is replaced by SCMs (dilution 

effect) and by making the surfaces of the SCM act as nucleation sites for hydrates [23], [20]. Both 

of them have a significant acceleration effect on the hydration of the clinker [20]. Fillers used at 

different amounts of replacement and particle size distribution show improvement in concrete 

properties and microstructure [24].  

The second reason for property improvement is due to the pozzolanic reaction of SCMs with 

cement. SCMs contribute to the development of compressive strength by reacting with the 

Portland cement hydration products and filling the pore space previously occupied by the water 

[22]. SCMs hydrate with the hydration products of cement or in the presence of cement to produce 

additional CSH and other hydration products [25]. Therefore, the pozzolanic activity can be 

assessed by the extent and rate of the pozzolanic reaction. 

When SCMs are blended with cement, the performance of the reaction will be complex. The 

complication is due to the physical presence of SCMs that affects the extent and rate of reaction 

of the clinker component; SCMs are usually amorphous with complex and varied mineralogy, 

which makes them difficult to quantify by many classical techniques; and the rate of reaction of 

SCM in a cement blend may be quite different from the rate of reaction of the same SCM in 

systems containing simply alkali or lime [23]. 

Many studies have been done on blended systems with SCMs from different views. However, 

the generic microstructural development of blended systems is still not clearly understood. This 

is due to, first, difficulty in identifying the mechanisms controlling the hydration of Portland 

cement in a more complex system; second, most authors described the effect of a specific SCM 

regarding the changes of the microstructure, compressive strength, and evolution of the phase 

assemblage but have not established generic knowledge; third, although the SCMs have a slower 

reaction, they contribute to cement hydration from the very beginning [20]. Most of the studies 

reported long-term changes caused by the introduction of SCM. However, early hydration is a 

very important step for later properties. It is of interest to investigate bagasse ash’s mode of action 

in the totality of the hydration process. 

 

R3 Testing 

 

The hydration of cement is a complex process and has not been fully understood until now. 

When SCMs are added, the process will be more complex and require more techniques to assess 

reactivity. To evaluate the reactivity of SCMs thoroughly, a range of test methods has been 

proposed in the literature, mostly based on portlandite consumption. However, these tests often 

do not correlate well with compressive strength development  [26], [27], [28]. 
Besides, conventional reactive test methods such as Chapelle’s and modified Chapelle’s test 

have certain drawbacks caused by the very accelerated settings and the high degree of divergence 

from the actual conditions since there is high water content and the solution solely comprises 

Ca(OH)2 [29]. To avoid these problems a better method called R3 has been developed. 

Testing methods should be efficient and accurate to measure the reactivity of SCMs. 

According to Snellings and Scrivener [22], a suitable test method should be practical and simple 

in terms of use and cost, give results rapidly, be repeatable and reproducible, be generally 

applicable to all SCM types, and finally enable easy comparison between the test result and the 

quality criterion (usually the compressive strength).  
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Compressive strength is considered a reliable indicator for the presence of a reaction [30], 

[26]. Jhatial, Nováková [29] and  Londono-Zuluaga, Gholizadeh-Vayghan [31] also found a 

strong linear correlation between the R3 test(bound water and heat of hydration) and the relative 

compressive strength at 28 days for conventional SCMs.  

The R3 test was first developed by Avet, Snellings [27]  and set as a standard by ASTM-

C1897 [32] in 2020 and then improved by Avet, Li [33]  as a novel rapid, relevant, and reliable 

(R3) testing approach to evaluate the reactivity. Londono-Zuluaga, Gholizadeh-Vayghan [31] 

found that the R3 test results showed very good reproducibility in different samples and very small 

interlaboratory variations at different laboratories on heat of hydration and bound water tests.  

 

Materials 

 

Materials Used for the Study 

The Messobo OPC which complies with the requirements of Ethiopian standards ES-EN-197-

1 [34], Sable Normalise standard sand that fulfills requirements given by the European code as 

reference sand[35], quartz powder, bagasse ash from Wonji sugar factory, water from Addis 

Ababa Water and Urban Sewerage Authority (AAWUSA) were used in this study. The gradation 

of the standard sand in cumulative passing percentage is shown in Fig. 1 below.  

 

 
 

Fig. 1. Grain size distribution of standard sand 

 

The fresh bagasse ash released from the furnace and cooled in the air was collected. It was 

not treated with any chemicals. The bagasse ash and quartz were sieved, and those grain sizes 

that pass through 125µm and smaller sieve sizes were used, and their gradation was made to be 

similar to cement as shown in Fig. 2 below. 

 

   
 

Fig. 2. Grain size distribution of cement, bagasse ash and quartz powder 
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Physical and Chemical Properties of Materials 

 

Physical Property of Materials 

The fineness of bagasse ash, quartz powder, and cement was determined using the Blaine air 

permeability test as per ASTM-C204 [36]. Results showed that the bagasse ash was found to have 

the lowest density and highest surface area as compared to quartz powder and OPC while having 

similar particle sizes, as shown in Table 1 below. 
 

Table 1. The physical properties of the raw materials 

 

Material Density (g/cm3) Blaine air (cm2/gm) 
Average sieve size (µm) in 

which half of the particles pass 

Bagasse ash 2.03 4,546 42.33 

Quartz powder 2.50 3,980 42.08 

OPC 3.15 3,601 43.39 

 

Replacement of the bagasse ash was made by volume to keep the volume of cementitious 

material per unit volume of the mix constant. The volume equivalency of the bagasse ash was 

computed according to ACI-211.1-91 [37] and found to be 0.6481%. This implies that replacing 

1% volume of cement with an equal volume of bagasse ash is equivalent to replacing 0.65% 

weight of cement with bagasse ash to account for the lower density of bagasse ash. Similarly, the 

volume equivalency for quartz was found to be 0.8%. 

 

Chemical Property of Materials 

The chemical properties of bagasse ash and cement were investigated using X-Ray 

Fluorescence (XRF) and chemicals (Gravimetric and Complex metric method). More or less 

similar results were obtained, as shown in Table 2 below and the XRF result was considered since 

it is the most reliable one. 

 
Table 2 Chemical Composition of Cement and Bagasse Ash 

 

Chemical Composition (%) Messebo OPC Cement** Bagasse Ash*  Bagasse Ash** 

SiO2 23.20 75.98 70.18 

Al2O3 5.08 11.54 5.66 

Fe2O3 3.60 2.28 3.42 

CaO 61.82 1.12 1.26 

MgO 1.93 0.60 1.63 

Na2O 0.29 0.64 - 

K2O 0.21 1.92 - 

MnO - <0.01 - 

P2O5 - 0.42 - 

TiO2 - 0.09 - 

H2O - 1.10 - 

SO3 2.58 - - 

LOI 0.94 5.81 - 

SiO2 + Al2O3 + Fe2O3 - 89.80 79.18 

* The Chemical composition was done using the XRF method. 

**The Chemical composition was done using chemicals. 

 

Based on the chemical composition of bagasse ash result: SiO2 + Al2O3 + Fe2O3 = 89.80%. 

This value is greater than 70%, and the Loss on Ignition (LOI) value of the bagasse ash was found 

to be less than 10% (5.81%). Thus, based on these results, the material is classified as pozzolanic 

in Class N [38]. 
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Fresh Properties of Mortar Pastes 

The fresh properties of mortar pastes with and without bagasse ash were measured by standard 

consistency and setting time tests according to ASTM-C187 [39] and ASTM-C191 [40] methods, 

respectively. Three 500g each from the reference and blended sample (10% of bagasse ash by 

volume) were prepared and tested. Results for the standard consistency and setting time test are 

given in Table 3 below. 

 
Table 3 Standard consistency and setting time test results 

 

 

Sample 

 

Standard Consistency Setting Time (min) 

Standard 

Consistency (gm) 

W/C (%) Initial Setting 

Time(min) 

Final Setting 

Time(min) 

Reference 139 27.8 120 385 

Blended 1 169 33.8 155 410 

Blended 2 167 33.4 150 465 

Blended 3 168 33.6 150 420 

 

From Table 3 above, it can be inferred that the water demand and setting time of the blended mixes 

were higher than the reference mixes. This is in line with the findings of Amin [41], Ganesan, 

Rajagopal [42], and Hailu and Dinku [43] in their study of bagasse ash as cement replacement material. 

All the findings on the water to cement ratio for normal consistency and the initial and final setting 

time of cement were within the standard range [44]. The increase in water demand enhances the initial 

and final setting time. Blending makes the initial setting time increase by 32 minutes and the final 

setting time by 47 minutes as compared to the reference sample. 

 

Experimental Program 

 

In this study, the pozzolanic reactivity of bagasse ash was investigated with microstructure 

characterization using XRD analysis, heat flow measurements using an isothermal calorimeter, 

bound water determination using oven thermal treatment, determination of the PABA using 

modified Chapelle test, by measuring the compressive strength of mortar cubes, and finally by 

creating a correlation between these tests and the strength development. 

 

Characterization of the Hardened Paste 

Characterization of the hardened pastes was made using XRD Analysis in the CuKα radiation 

diffractometer. XRD analysis is advantageous due to its ease and speed of measurement and 

accuracy as compared to traditional quantitative phase analysis methods such as Bogue 

calculations and optical microscopy [45]. It has also advantages of accessibility, rapidity, multiple 

phase identification, and quantification capacity with limitations in the quantitative analysis that 

requires extensive knowledge and the amorphous phase which gives diffuse signals and requires 

complex analysis [46].  

Samples from the same batch were cast for XRD and cured at 25°C. XRD was used to 

characterize the crystalline phases formed and the crystallite size and to follow the portlandite 

consumption. According to Feret [47], and Varin, Bystrzycki [48], crystallite size is calculated 

using Scherrer’s equation. Measurements were carried out on independently cast pastes on day 1. 

The hardened pastes of SCMs were ground with agate and prepared in powder form.  

 

Heat of Hydration Measurement 

Heat flow of the SCM blended and reference cement mixes are carried out using calorimetry 

experiments. Among the calorimetry tests, an isothermal calorimeter test is used in this study.  

According to Sedaghat [49], Sedaghat, Zayed [50], Wadsö [51], and Wang, Ge [52], an 

isothermal calorimeter has advantages in measuring the instantaneous and total heat flow at 

different ages; operating at a wide range of temperatures; able to study the hydration stages from 
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the recorded heat flow curve at the desired hydration age; performing well with blended cement; 

do not depend on the knowledge of compound composition. 

The heat production rate per mass of cement is quite similar for cement pastes and cement 

mortars (and then probably also for concretes) of the same water to cement ratio [51]. Also, the 

way that a cement paste is mixed does not much influence the reaction rate. The heat of hydration 

for hydraulic Portland cement is measured according to ASTM-C1702 [53] and ASTM-C186 

[54]. 

The cumulative heat of the reaction was measured using a ToniCAL isothermal calorimeter 

over 7 days (170 hours) at 25°C. Paste ingredients, including the mixing solutions, were stored 

overnight at the same temperature as the test. About 10g of blended and reference cement samples 

each were prepared in triplicate and poured one after the other into a test tube. Water was injected 

using a syringe and needle. Samples were placed in the calorimeter and tested one by one. 

 

Bound Water Determination 

Water in the hardened cement paste can be in a constitutive (chemically bound) or free 

(chemically unbound) state. The chemically combined water is the water that combines 

chemically with the cement in the hydrate phases [55], and separation can be made only by 

calcining the material at high temperatures or by chemical reactions. Taylor [56] defines 

chemically bound water as the water present in interlayer spaces or more firmly bound but not 

that present in pores larger than this. According to Li, Snellings [26], the weight loss due to 

heating is proportional to the amount of water present in the hydration products of CSH and 

CASH and this water is used to define the SCM reactivity. 

Reference and blended samples were prepared and cast on plastic sheets in triplicate with 4mm 

thickness and put in a 25°C enclosed environment for 24 hours. This was done to create similar conditions 

with the heat of hydration test. Samples were dried at 110°C in an oven. According to ASTM-C642 [57], 

samples were considered dry when the mass change within 1 day did not exceed 0.5%. In this study, the 

condition was fulfilled after 2 days of drying. Then samples were heated at 350°C for 2 hours and cooled 

down to 100°C. The thermal treatment was limited to 350°C since higher temperatures resulted in 

portlandite dehydroxylation, which is not desired in this study. Finally, the bound water was determined 

by calculating the mass change after heating the samples.  

 

Determination of the PABA 

To define the pozzolanic activity of materials, measuring the fixed quantity of calcium 

hydroxide is one method. The amount of Ca(OH)2 produced from the reaction of CaO with 

bagasse ash was evaluated using the Modified Chapelle test. This test was preferred because of 

its quick indication of pozzolanic reactivity (within a day) compared to the Frattini test [27].  

For this test, 1g of bagasse ash was mixed with 2g of calcium oxide and 250ml of deionized 

water. Similarly, reference samples were also prepared without bagasse ash and run in parallel to 

the bagasse ash blended samples. The mix was heated at 90°C for 16 hours with continuous 

stirring. Water loss was prevented by a reflux condenser. After cooling down to 20°C, a solution 

of 60g sucrose in 250ml of deionized water was added to complex the calcium ions in the solution 

and to dissolve the unreacted portlandite. The suspension was filtered through a filter paper, and 

the liquid was titrated with a 0.1M solution of HCl using phenolphthalein as a PH indicator. 

According to Avet, Snellings [27], Ferraz, Andrejkovicová [58], and Scrivener, Lothenbach [23], 

the amount of bound portlandite, meaning that the PABA is determined using Eq. 1 given below. 

 

𝑃𝐴𝐵𝐴 = mg CH g Bagasse Ash⁄ = 2 (
V1−V2

V1
) ∗

74

56
∗ 1000    (1) 

 

where: V1 = Volume of HCl added for the titration of the reference sample and 

V2 = Volume of HCl added for the titration of the sample with bagasse ash. 
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Compressive Strength Determination 

Standard mortar cubes were cast to determine the strength development of the bagasse 

blended, quartz blended, and reference samples over time. The blending was made at 10% 

replacement by volume of OPC. 

Mix proportions were made with 1 part of cement to 3 parts of sand with a water to cement 

ratio of 0.5 as per EN-196-1 [59]. Mortar cubes were unmolded after 24 hours and cured in a 

water pond until tested. The compressive strength measurements were carried out on mortar cubes 

of 50*50*50 mm at 1, 3, 7, 28, 56, and 90 days of age. 

 

Research Framework 

The research framework for the study is given in Fig. 3 below. 

 

 
 

Fig. 3. Research Framework for the Study 

 

Results and Discussion 

 

Characterization of the Hardened Paste 

The samples were analyzed, compounds were identified, and XRD patterns were drawn. The analysis 

result is given in Fig. 4 and 5 and pattern lists for each sample are shown in Tables 4 and 5 below.  

 

 
 

Fig. 4. Chemical compounds detected in reference sample on day 1 
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Table 4. Pattern list of the reference sample 

 

Number Ref. Code Score 
Compound 

Name 

Displacement 

[°2Th.] 

Scale 

Factor 

Chemical 

Formula 
Abbreviation 

1 
00-042-

0551 
43 

Calcium 

Silicate 
0.000 0.759 Ca3 Si O5 CS 

2 
00-004-

0733 
17 

Calcium 

Hydroxide 
0.000 0.336 Ca (O H )2 CH 

3 
00-040-

0513 
16 

Calcium 

Silicate Hydrate 
0.000 0.401 

Ca4 Si3 

O10 !2 H2 O 
CSH 

 

 
 

Fig. 5. Chemical compounds detected in blended sample on day 1 

  
Table 5. Pattern list of the blended sample 

 

No Ref. Code Score Compound Name 
Displacement 

[°2Th.] 

Scale 

Factor 
Chemical Formula Abbreviation 

1 00-027-0605 31 Silicon Oxide 0 0.253 Si O2 S 

2 00-029-0286 28 Calcium Aluminum Silicate Hydrate 0 0.894 Ca Al2 Si3 O10 !6 H2 O CASH 

3 00-022-0018 7 Aluminum Silicate 0 0.2 Al2 Si O5 AS 

4 00-044-1481 2 Calcium Hydroxide 0 0.057 Ca (O H )2 CH 

5 00-019-0250 10 Calcium Silicate Hydrate 0 0.165 Ca3 Si3 O9! H2 O CSH 

 

From the above XRD results, the peaks in the reference sample were C3S, CH, and CSH, 

whereas in the blended sample were S, CASH, AS, CH, and CSH. More peaks with unreacted 

C3S in the reference sample and more peaks with unreacted SiO2 in the blended sample were 

observed. The presence of unreacted SiO2 and CH shows the unfinished pozzolanic reaction in 

the blended sample. The reaction between SiO2 and CH is pozzolanic. In later days, these 

compounds will react and form additional CSH, which improves the microstructure and strength 

of the blended sample furthermore. This is consistent with the findings of Qing, Tao [60], 

Maldonado-García, Hernández-Toledo [61] and the compressive strength of mortar cubes in this 

study. The formation of CH, AS, CASH, and CSH indicates the occurrence of a pozzolanic 

reaction in the blended sample. Besides, in the reference sample, most of the cementitious 
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compounds detected are CSH phases which are major contributors to strength. This makes the 

reference sample to get more strength than the blended samples on day 1. 

More peaks (9 out of 13) in less than 28 ̊positions of 2Ɵ with a narrower range (11.396 - 

45.921° of 2θ) and Compounds with Aluminum elements were found in the blended sample. 

Fewer peaks with a wider range (18.13 - 51.93° of 2θ) were observed in the reference sample 

showing the presence of more reaction than the one with more peaks [62]. This indicates the 

reaction retarding effect of blending and is consistent with the results of the heat of hydration in 

this study. The cumulative heat of hydration evolved on day 1 by the blended sample was lower 

than the reference sample. According to Snellings, Salze [45], the extent of reaction measured by 

XRD is related to the amount of cumulative heat of hydration that evolved.  

Besides, the crystal size is found to be 24.49ηm in the reference and 16.46ηm in the blended 

sample. These are thicknesses of particles that are perpendicular to the crystal plane. This shows 

that the reference sample has a larger crystallite size. This implies that the reference sample 

diffracts at a larger angle than the blended. This is consistent with the XRD analysis pattern shown 

in Fig. 4 and 5 above. 

  

Heat of Hydration Measurement 

Results on the instantaneous and cumulative heat evolved in both reference and blended (with 

bagasse ash) pastes at 170 hours and 24 hours are shown in Fig. 6 and 7 below respectively. An 

average value of the three samples from each group was taken for comparison. 

 

 
 

Fig. 6. Average rate of heat flow and cumulative heat evolved during 170 hours (7 days) 

  

From Fig. 6 above and Fig. 7 below, it can be inferred that the addition of bagasse ash was 

found to have a decreasing effect on the instantaneous and total heat evolved. This is consistent 

with the findings by Chusilp, Jaturapitakkul [63] in their study of the utilization of bagasse ash in 

concrete. According to Feng, Zhang [64], the reduction in cumulative heat of hydration helps to 

reduce the autogenous shrinkage of cement and concrete products.  

The exothermic nature of the reaction resulted in a rapid rise in the rate of heat evolution up 

to the first 5 minutes. A dense layer is formed during this time, which leads to a relatively slow 

reaction period from 30 to 90 minutes. This is the time in which the paste remains plastic and 
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workable. This period is followed by a new increase in the rate of heat liberation, which lasts for 

about less than 8 hours. At the beginning of this period, the paste loses its plasticity and acquires 

a certain degree of firmness, and becomes unworkable. This is related to the initial setting time, 

and during the later time in this period, the paste loses its plasticity and becomes a rigid mass. 

This is followed by the last stage, during which a gradual decrease to 3J/gh within 24 hours in 

the heat of hydration and to still further lower rates after that. This indicates a slow rate of 

hydration by diffusion through the solid hydration products. In comparison, the rate of hydration 

in blended samples is lower. The optimum values of heat flow in each sample are given in Table 

6 below. 
 

 
 

Fig. 7. Average rate of heat flow and cumulative heat evolved during 24 hours (1 day) 

 

Table 6. The maximum rate of heat flow and cumulative heat flow of test samples 

 

 

 

Sample  

Time for 

Maximum Rate 

of Heat Flow 

(Minute: 

Second) 

 

Maximum 

Rate of Heat 

Flow(J/gh) 

 

Cumulative 

Heat 

Flow(J/g) 

Minimum Rate 

of Heat Flow at 

2nd Minimum 

(B) (J/gh) 

Maximum Rate 

of Heat Flow at 

2nd Peak (C) 

(J/gh) 

Reference 1 0:04:14 82.22 287.07 2.80 12.90 

Reference 2 0:04:04 78.37 285.61 2.90 12.40 

Reference 3 0:04:25 79.65 281.62 2.80 12.60 

Average 0:04:14 80.08 284.77 2.83 12.63 

Blended 1 0:05:16 67.35 270.87 2.00 11.50 

Blended 2 0:05:07 69.88 277.26 2.10 12.10 

Blended 3 0:05:16 70.99 277.42 2.30 11.80 

Average 0:05:13 69.41 275.18 2.13 11.80 

 

From Table 6 above, it can be inferred that blending reduces the maximum rate of heat flow 

by an average of 10.67J/gh, delays the time for the maximum rate of heat flow by an average of 

59 seconds, and declines the cumulative heat flow by an average of 9.59J/g. It also decreases the 

second minimum rate of heat flow(B) by 0.70J/gh and decreases the second peak rate of heat 

flow(C) by 0.83J/gh. 
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Besides, blending increases the length of the induction period and reduces the intensity of the 

main hydration peak. This will help in lowering the thermal cracking potential of massive 

concrete at an early age. Similar results were found by Sedaghat [49]. 

According to Snellings, Salze [45], the heat released on different days is assumed to be 

directly proportional to the degree of reaction. However, this will work for materials with similar 

chemical compositions. Similarly, the heat released from the reference sample on day 2 is more 

than on day 1, which implies that the degree of reaction on day 2 is more than on day 1. It is true 

for the pozzolanic reactivity of the blended samples as well. This is consistent with the trend in 

compressive strength development results in this study. Alujas, Fernández [65] also found similar 

results. The cumulative heat flow of both reference and blended samples is shown in Figure 8 

below. 

 

 
 

Fig. 8. Average cumulative heat evolved and its daily increment in each sample 

 

In blended samples, 65.9%, 81.3%, and 87.5%, and in reference samples, 64.56%, 80.35%, 

and 87.37% of the heat of hydration from the total (at 170 hours) are released during the first, 

second, and third day respectively. This implies that the majority (88%) of the heat is released 

within the first three days. Increments after the third day are minimal and become very small after 

the sixth day. This is consistent with the findings of Avet, Snellings [27].  

The difference in the heat of hydration between the reference and blended sample rises as 

time increases. The difference starts from 3J/g and ends up at 10J/g on the seventh day. This 

implies that developments in the evolved heat between the two consecutive corresponding 

samples are consistent with the compressive strength development. 

 

Bound Water Determination 

Results of the bound water determination experiment showed that the reference samples and 

the blended samples were found to have 2.89% and 2.58% bound water (gm) on average on day 

1, respectively, as shown in Table 7 below. 

The blended samples had a lower amount of bound water. Similarly, Massazza [66] found 

lower bound water content on day 1 and an increase afterward in the fly ash blended cement. This 

implies that there is more hydration reaction (CSH formation) in reference samples on day 1 and 

an improvement in pozzolanic reactivity that causes a further increase in the CSH formation 
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during later days. This will improve the compressive strength of the blended sample after day 1, 

and it is consistent with the findings of compressive strength. Likewise, Li, Snellings [26] found 

a strong linear correlation between bound water and compressive strength. 
Table 7. Bound water determination test results 

 

 

Sample 

Mass after 2 days 

in Oven(gm) at 

110℃ 

Mass after furnace for 

2hrs (gm) at 350℃ 

and Cool to 100℃ 

 

Bound 

Water (gm) 

 

Bound Water 

(gm)% 

 

 

Average 

Reference 1 27.5659 26.7774 0.028604181 2.860418125  

2.887622185 Reference 2 30.6527 29.7771 0.028565183 2.856518349 

Reference 3 37.3091 36.21 0.029459301 2.945930081 

Blended 1 45.5632 44.4011 0.025505232 2.550523229  

2.579049192 Blended 2 35.7722 34.8751 0.025078133 2.50781333 

Blended 3 45.8375 44.6096 0.026788110 2.678811017 

 

According to Prochońa and Piotrowskia [67], specimens with a higher content of Al2O3 and 

SiO2 show lower values of bound water amount. Since the bagasse ash has a higher content of 

Al2O3 and SiO2, the experimental samples show a lower amount of bound water than the reference 

one. 

 

Determination of the PABA 

The PABA was determined using the Modified Chapelle test in duplicates and found to have 

an average value of 346.08mg Ca(OH)2/g bagasse ash, as shown in Table 8 below. This shows 

the presence of a pozzolanic reaction. According to this test, the reference sample must verify  

V1 ∗
56

2
 < 1,000, and all the reference sample measurements satisfy this condition. 

 

Table 8. Amount of PABA per gram of Bagasse Ash 

 

Experiment Measurement 

Volume of HCl in 

Blank 

Sample(V1) 

Volume of HCl in 

Blended Sample(V2) 

PABA (mg Ca(OH)2/ g 

Bagasse Ash) 

 

1 

Measurement 1 25.9 22.6 336.73 

Measurement 2 25.9 22.5 346.94 

Average 25.9 22.55 341.84 

 

2 

Measurement 1 25.6 22.3 340.68 

Measurement 2 25.7 22.2 359.92 

Average 25.65 22.25 350.32 

  Grand Average 25.775 22.40 346.08 

 

In a similar study on Brazilian bagasse ash, Cordeiro, Toledo Filho [68] found a minimum of 

36mg CaO/g bagasse ash and a maximum of 298mg CaO/g bagasse ash. In another study,  

Quarcioni, Chotoli [69] found a minimum of 146mg Ca(OH)2/g bagasse ash and a maximum of 

468mg Ca(OH)2/g bagasse ash using Chapelle’s method. 

 

Compressive Strength Test 

The workability of the mortar was checked using a flow table test and showed a slight 

reduction in the blended mixes. This is due to the high surface area of the bagasse ash. The 

compressive strength values used are averages of three specimens prepared from all mixes. 

According to Ahmad, Adekunle [70] variation in compressive strength of the individual 

specimens should be within the acceptable range (with a standard deviation within 3 MPa). All 

test results fall within this range. 

The compressive strength results in Fig. 9 below indicate an increment while the cement is 

partially replaced by bagasse ash throughout the test period. Bagasse ash blended mortars show 

reduced compressive strength at day 1 of age due to retarding effect of the ash. At early ages, 

filler effects dominate, leading to increased and sometimes also a faster reaction of the clinker 
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phases due to more space relative to the amount of clinker and increased nucleation rates [71], 

[65], [72]. Berodier [20] also found that the slower reaction of SCMs makes the SCM only 

contribute significantly after the main clinker reactions. The pozzolanic reaction starts to become 

significant between 1 and 3 days, as can be observed by the evolution of compressive strength 

for blended mortars. After 3 days, significant gains in compressive strength were observed.  

Besides, the quartz blended mortars show comparable strength development on day 1 and 

lower strength then after as compared to others. Lin, Wang [73] found that the addition of quartz 

powder does not change the type of hydration product but has a dilution effect and crystal 

nucleation effect. This shows that the filler effect plays a role up to strengths developed by quartz 

replacement, and the remaining increment in strength beyond the reference sample is due to the 

pozzolanic reactivity of the bagasse ash. 

 

 
 

Fig. 9. Compressive strength development of mortar cubes at different ages 

 

Snellings and Scrivener [22] in their study of SCMs blended system found that all blended 

cement shows lower strengths at day 1 of hydration than the reference OPC. However, all blended 

cement except the quartz filler surpassed the OPC reference over the long term. The timing at 

which the reference is surpassed depends on the reactivity of the SCM. Similar results were found, 

as shown above in Fig. 9. 

 

Correlation Between Tests and Compressive Strength Development 

Four different SCM screening tests were applied to a representative sample of bagasse ash 

blended and reference mixes. The results of each test were compared with compressive strength. 

A correlation was found between tests and compressive strength development. 

A microstructure study using XRD analysis showed fewer peaks in the reference sample than 

the blended at an early age. This indicates the presence of more reactions in the reference sample.  

Besides, more compounds that contribute to strength were observed in the reference sample. All 

these make the reference sample have better compressive strength on day 1. Similar results were 

found in compressive strength measurement on day 1. 

High bound water was found in the reference samples showing the presence of higher 

reactivity than the blended sample on day 1. Having higher reactivity implies more strength. 
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Likewise, at an early age (≤ 1 day), a slightly higher compressive strength was found in reference 

samples showing higher reactivity. 

At an early age, more or less similar cumulative heat of hydration (181J/g and 184J/g) between 

the blended and reference samples were observed and increased during later days. Similarly, 

compressive strength development of the blended and reference mortar cubes (9.22 and 9.69MPa) 

show a similar increment on day 1 and a significant increment then after. The difference in heat 

of hydration between the two samples increased in later days. Similarly, the difference in 

compressive strength development between the two samples increased in later days.  

A strong linear correlation was found between the heat of hydration and compressive strength 

on days 1, 3, and 7 in blended (R2 = 0.9869) and reference samples (R2 = 0.9734). This is 

consistent with the findings by Li, Snellings [26] on supplementary cementitious materials. 

Londono-Zuluaga, Gholizadeh-Vayghan [31]  also found a strong correlation value of 0.87 for 

natural pozzolana (fly ash and slags) with compressive strength. The relationship between 

Compressive Strength Development and Cumulative Heat of Hydration on Days 1, 3 and 7  is 

shown in Fig. 10 below.  

 

 
 

Fig. 10. Relationship between compressive strength development and cumulative heat of hydration on days 1, 3 and 7 

 

Results from the determination of PABA also strengthen the above findings and confirm the 

presence of pozzolanic reactivity of the bagasse ash. The above results correspond to the findings 

of other researchers. They also correlated well with compressive strength development and were 

coherent with each other.  

 

Conclusion 

 

The demand for construction materials increases while resources are limited. Production of 

those materials causes environmental pollution and requires much energy. This triggers the need 

for alternative construction materials that are economically, technically, and environmentally 

feasible. A detailed study is mandatory to achieve this goal. This study was conceived with those 

objectives and investigated the pozzolanic reactivity of bagasse ash thoroughly. 
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The proposed method met all the criteria of the SCM screening test. It was also in agreement 

with the findings of PABA and correlated well with compressive strength development. Results 

were achieved rapidly, and the findings were reliable. The testing methods were also relevant and 

found to give a coherent result. 

Findings show that blending made the paste require more water; to enhance the setting time; 

to have more peaks in a narrower range position of °2θ (11.396 - 45.921° of 2θ) and with 

Aluminum containing compounds; to have a lower average crystallite size (16.46ηm) and lower 

diffraction angle; lower cumulative heat flow (275.18J/g) and lower maximum rate of heat flow 

(69.41J/gh) within 170hrs; lower bound water content (2.58% (gram)) on day 1; and higher 

compressive strength after day 1 than the reference sample. The PABA was also found to be 

346.08mg of Ca(OH)2 per gram of bagasse ash.  

Results obtained in this study clearly show the existence of pozzolanic reactivity of the 

bagasse ash while partially replacing cement. Due to this, the bagasse ash as cement replacing 

material provides additional improvements in strength and reduction in the heat of hydration 

properties.  

The findings of this study are consistent with the findings of other similar studies conducted. 

The abundance of bagasse ash as industrial waste, the pozzolanic reactivity, and the technical 

advantages that the bagasse ash showed during the studies are promising findings that support an 

effort made to utilize this material in a standardized form.  

Therefore, further studies need to be done on the scale-up practical implementations on site 

and Life Cycle Assessment (LCA) to evaluate the environmental impact of using bagasse ash 

thoroughly with accounting for all stages of the production process, transportation, and end-of-

life scenarios need to be encouraged to reinforce this effort and to optimize utilization and 

compatibility of the material. Promotion on the use of bagasse ash in concrete need to be done 

and codes and specifications need to be updated to reflect the latest knowledge on their 

performance and environmental benefits. Moreover, continuous research and policy support can 

facilitate the widespread adoption of bagasse ash in the construction industry. 

However, there are certain limitations associated with the use of bagasse ash in concrete, such 

as the variability of their chemical composition and availability in different regions. Besides, the 

interaction of bagasse ash with other concrete ingredients may require careful consideration and 

adequate quality control measures during concrete production. In spite of these limitations, the 

prospects for the use of bagasse ash in concrete appear promising. 
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