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Abstract: Development of sustainable materials has become one common goal across the globe to 
meet the ever-increasing demand for the construction materials. High volume fly ash (HVFA) 
concrete is one such sustainable construction material which utilizes fly ash in concrete as a partial 
replacement of cement. Though the existing literature focuses abundantly on high volume fly ash 
concrete, the present work aimed to explore the intricate hydration process thorough a systematic 
experimental program. A series of experiments including compressive strength, rapid chloride 
permeability, UPV, acid resistance, X-ray diffraction, SEM and EDAX were performed to examine 
the effect of varying proportions of fly ash (0%, 20%, 40%, 60%) on cement replacement. Analysis 
of results indicated formation of hydration compounds in the form of alite, belite, celite, portlandite 
and tobermorite (C-S-H gel). Results of mechanical and durability tests showed that, to achieve 
maximum benefits, cement can be replaced to an optimum value of fly ash of 40%. The authors 
believe that the formation of hydration compounds tobermorite and celite resulted in attaining 
enhanced durability and strength in high volume fly ash concrete. 

Keywords: HVFA concrete; compressive strength; RCPT; UPV; acid resistance; X-ray diffraction 
(XRD) and energy dispersion spectroscopy; scanning electron microscopy 
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1. Introduction 

The production of cement involves in several stages of manufacturing process and utilizes 
greenhouse gases. It was predicted that the demand for cement may be beyond 6 Giga tones (Gt/year) 
by 2050 [1]. The production of 1-ton cement leads to release of one-ton carbon dioxide in the 
atmosphere [2]. The energy consumption involved in cement production leads to approximately 7% 
of worldwide CO2 emission. Carbon dioxide is responsible for global warming and it occupies a 
major part of greenhouse effect [3]. Thermal power plants are major source of fly ash which is the 
by-product of pulverized coal. It is collected by electrostatic precipitators in the thermal power plants. 
Fly ash is a pozzolanic material which comprises of SiO2, Al2O3, Fe2O3 compounds which present in 
amorphous form. This amorphic structure results in pozzolanic activity to fly ash. When fly ash with 
oxides of aluminum, silica and iron react with calcium based OPC then portlandite, tobermorite and 
calcium aluminum hydrates were formed [4]. Later the researchers investigated advantages 
contributed by use of sound quality fly ash in concrete like enhanced workability, strength 
improvement, impermeability, and durability at later stages, reduction in heat of hydration and 
reduction of drying shrinkage [5]. Furthermore, utilization of fly ash resulted in reducing drying 
shrinkage, resistance to acid attack and deterioration thus reducing the possibility of corrosion of 
rebar [6]. Replacement of fly ash with the binder resulted in decrease of porosity of concrete by 
filling the voids between aggregates continuously [7]. The chloride permeability of concrete can be 
effectively reduced by replacing fly ash as fineness which involve in the minimization of chloride 
permeability [8]. In order to utilize the supplementary cementitious materials like fly ash in high 
volumes, keen understanding of complex processes which occur during hydration process is vital [9]. 
Accurate investigation of volume fraction of phases in the cement composite system involves in the 
determination of degree of hydration of cement and fly ash systems. Experimental methods used in 
order to determine the degree of hydration are heat of hydration method, portlandite measurement 
method and XRD analysis method [10]. Addition of fly ash in concrete reduces the drying shrinkage 
resulting in the formation of fewer cracks. Thus, resistance to deterioration can be achieved [11]. The 
concrete mixture comprises of combined micro-structure which causes difficulty to study its 
micro-structure due to the presence of high-level heterogeneity. This difficulty can be overcome with 
the use of XRD technique. The quantitative analysis of crystal structure of mineral compounds which 
form microstructure of concrete can be categorized effectively [12]. The parameters such as 
crystallinity, particle size distribution, morphology is influencing the hydration mechanism which 
resulted in variation of mechanical and durability properties of concrete [13]. By reviewing hydration 
mechanism of high-volume fly ash concrete (HVFA), it was observed that the strength gain is not 
solely depending on C-S-H gel formation. Other hydration products like carbo-aluminates also found 
to be the contributors of gaining strength of concrete [14]. Using supplementary cementitious 
materials like fly ash and rice husk ash in the proportion of equal weight resulted in attaining more 
strength and resistance to chloride ion permeability [15]. In the cubes cast with lime fly ash 
composites, tobermorite and calcite were the main contributors of strength [16]. The experimental 
investigations revealed that the degradation of specimen, erosion and spalling were main products of 
acid-cement reaction products which resulted in the weight reduction and deformations occurred in 
the specimens [17]. The grain size of fly ash influences its role of filling. Smaller size particles fill 
the voids between cement particles and reduce the filling of water [18]. Resistance to acid attack of 
HVFA cement pastes and mortars was sufficient resulting in the severe disintegration of samples [19]. 
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Using HVFA (>70%) with activated blends of OPC resulted mainly in the C-S-H gel and N-A-S-H 
formation [20]. Fly ash acts as micro aggregate. With the increase in fly ash content, micro aggregate 
action will be strengthened and weakens with age [21]. Addition of fly ash leads to the stabilization 
of ettringite conversion to mono sulphate due to the presence of alumina in excessive amounts 
compared to OPC [22]. The slow pozzolanic reaction was due to the presence of zeolite in the mix 
with high dosage of fly ash content at later ages of hydration [23]. Fiber reinforced concrete with 
high volume fly ash attained strength twice to the strength attained by the concrete without fly ash [24]. 
From the experimental results, it was concluded that fly ash can be replaced up to 50% and the 
blended concrete can be used in reinforced concrete structures and precast elements [25]. The 
aforementioned literature indicates that HVFA concrete have the potential in terms of durability as 
well as strength. In addition to that, it will effectively reduce the emission of CO2 due to the reduced 
usage of cement content in concrete. 

Though the mechanical properties were significant to evaluate the performance of fly ash 
replacement in concrete in excess amounts, there is still scope to assess the hydration mechanism 
through micro level studies. In light of this, the current study assesses the hydration process in 
connection with mechanical characteristics through a systematic investigation. 

2. Materials and methods 

2.1. Materials 

The materials used in testing were ordinary Portland cement (OPC) corresponding to 53 grade 
and fly ash of class F. The source of fly ash was Narla Tata Rao Vijayawada Thermal Power Plant. 
Table 1 demonstrates the chemical composition of ordinary Portland cement and fly-ash. The 
specific gravity of fly ash is 2.3 and fly ash % that was retained on 90 μm sieve is 10. Properties of 
OPC were given in Table 2. The coarse aggregate with combinations of 20 mm, 12 mm sizes and 
fine aggregate were used in the mix. The physical properties of fine and coarse aggregates were 
given in Table 3. The concrete mix with 400 kg/m3 binder content with 0.45 water-binder ratio (w/b) 
and fly ash with the varying proportions of 0%, 10%, 20%, 30%, 40%, 50%, and 60% were used in 
the preparation of specimens. The mix proportions of different concrete mixes were calculated by 
using Abraham’s law which are tabulated in Table 4. 

Table 1. Chemical composition of OPC and fly ash. 

Compound Percentage present in OPC Percentage present in fly ash 

CaO 63.7 0.768 

SiO2 18.94 60.76 

Al2O3 4.72 30.96 

Fe2O3 4.24 3.51 

MgO 2.21 0.79 

K2O 0.53 1.12 

SO3 2.19 - 

Na2O 0.62 - 

P2O5 - 0.164 

Loss of ignition 2.85 1.9 
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Table 2. Properties of OPC. 

Physical property OPC 

Fineness (%) 8.0 

Specific surface (cm2/g) 3503 

Normal consistency (%) 29 

Initial setting time (min) 50 

Final setting time (min) 210 

Compressive strength at 7 days (MPa) 39 

Compressive strength at 28 days (MPa) 56.8 

Relative density 3.13 

Soundness(mm) 1.2 

Table 3. Physical properties of fine aggregate and coarse aggregates. 

Physical property Fine aggregates Coarse aggregates 

Relative density 2.67 2.71 

Fineness modulus 2.35 6.4 

Unit weight (kg/m3) 1700 1650 

Table 4. Mix proportions of fly ash blended cement concrete. 

Mix % replacement of 

cement by fly ash 

Cement 

(kg/m3) 

Fly ash 

(kg/m3) 

Water 

(kg/m3) 

Water-binder 

ratio 

Fine aggregate 

(kg/m3) 

Coarse aggregate 

(kg/m3) 

C1W1F0 0 400 0 180 0.45 737.6 1106.4 

C1W1F1 10 360 40 180 0.45 731.7 1097.56 

C1W1F2 20 320 80 180 0.45 725.79 1088.7 

C1W1F3 30 280 120 180 0.45 719.86 1079.8 

C1W1F4 40 240 160 180 0.45 713.95 1070.9 

C1W1F5 50 200 200 180 0.45 708 1062 

C1W1F6 60 160 240 180 0.45 702.1 1053 

C1: binder content; W1: water binder ratio; F0: 0% fly ash; F1: 10% fly ash. 

Based on the Bougee’s equations to determine the hydration compounds were assessed from 
chemicals which were disclosed after the chemical analysis of the Portland cement. From the 
theoretical analysis, it was found that the presence of alite (C3S) was 68% which is responsible for 
early strength and belite (C2S) was 17% responsible for long term strength in the concrete,     
celite (C3A) was about 9% which reduce the chance of vulnerability at acid ingressive environments 
and felite (C4AF) about 7% which retards the vigorous reaction and formation of crystals. 
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2.2. Tests performed 

2.2.1 Compressive strength test 

The compressive strength of concrete is a unit to assess the performance of concrete in order to 
satisfy the strength and durability requirements. It is termed as the resistance to failure under the 
action of compressive force. The cubes of 100 mm size after 7, 28 and 56 days were tested for 
compressive strength on compression testing machine of 3000 kN capacity according to the 
specifications corresponding to the [26]. The compressive strength was calculated by dividing the 
failure load with area of application of load. 

2.2.2 Rapid chloride permeability test 

The resistance to chloride ion permeability of fly ash concrete was determined as per the 
specifications confirming to ASTM (1202) [27]. This test includes the determination of the electric 
conductance for different grades of concrete mixes and the rapid indication of its resistance to pass 
the ions through the specimen of 100 mm diameter and 50 mm height. It involves in the process of 
monitoring amount of electric current passed through the specimen over a specified time. It is a 
measure of assessing the impermeability of concrete to pass the chloride ions through it. The 
specimen was clamped in between the test cell. The cell which was connected to negative terminal of 
power supply was filled with 3% NaCl solution and the cell connected to the positive terminal was 
filled with 0.3 M NaOH solution. The boundary of specimen and cell were sealed with the help of 
sealant. After connecting the cables to the cell, access the power supply with 60 V. The test setup was 
shown in Figure 1. 

 

Figure 1. Rapid Chloride Permeability Test set-up. 

2.2.3 Pulse velocity test 

Ultrasonic pulse waves were transmitted through the specimen and the time taken by the wave 
to transmit through the specimen was measured as per BIS 13311-92 Part 1. The pulse velocity is the 
ratio of width of specimen and the time of travel by the pulse in it. In this test, the waves were 
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transmitted through the 150 × 150 mm specimens of 7, 28 and 56 days respectively. The criteria for 
assessing concrete quality were tabulated in the Table 5 and test set up was shown in the Figure 2. 

Table 5. Grading concrete quality as per BIS 13311-92 Part 1. 

Pulse velocity (km/s) Concrete quality grading 

Above 4.5 Excellent 

3.5 to 4.5 Good 

3.0 to 3.5 Medium 

Below 3.5 Doubtful 

 

Figure 2. UPV test setup. 

2.2.4 Acid attack test 

The resistance offered by the concrete specimen when it was subjected to acidic atmosphere 
was determined by performing this test as per ASTM C 267 (2012). It is a tool of assessing the 
durability of concrete without any deterioration. In this test, the test specimens after their 
corresponding curing ages were immersed in sulphuric acid solution with the concentrations being 
1%, 3%, 5% by volume of water. The specimens were under monitoring and pH value of solution 
was maintained thoroughly. For every 7, 28, 56 days immersion period, the cubes were tested for 
compressive strength and aesthetics were checked. The loss of strength determines the deterioration 
rate and the impact of acid attack on specimen surface. 

2.2.5 X-Ray diffraction test 

X-ray diffraction based on quantitative phase analysis is a prevalent technique used to study the 
hydration of cementitious systems. The specimens which were subjected to compressive strength 
resulted in crushed powder. The powdered sample for the respective fly ash proportions were sieved 
through a 90 µm sieve were collected for testing include samples obtained from 0%, 20%, 40%, and 
60% fly ash proportions at hydration days of 7, 28, 56 days. Hydrated cement often comprises of 
several amorphous or nano-crystalline phases. The mineralogical composition of binder and the 
reactions during hydration of cement attribute a vital role in the determination of phase 
transformation and mechanical properties of the concrete. The target utilized in X-ray tube was 
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copper (Cu) with the voltage of 40 kV and 15 mA current. The sample was scanned at a haul of 2θ 
with the range of scan being 0° to 80°  

2.2.6 Scanning electron microscopy 

Scanning electron microscopy (SEM) works on the principle of scattering effect. When a beam 
of electrons passed on to the specimen, the primary electrons get dissipated and some of them would 
be back scattered. The electrons that were dissipated in the specimen tend to form an interaction front 
which is vulnerable to the resolution of image formed for each signal. The inclining voltage and 
atomic number of the sample determines typical depth and shape of the interaction front. 

2.2.7 Energy dispersion spectroscopy 

The EDS analysis involves in confirmation of firmness of microstructure study conducted on 
concrete samples. It is a standard technique used to study the chemicals present in the sample at 
micro level. It reveals the existence as well as relative abundance of elements in the sample. This test 
can be performed along with the XRD analysis or SEM. The count of X-ray and its corresponding 
energy was measured in an X-ray detector. Energy of the X-ray is the distinctive of chemical element 
from which X-ray was scattered. 

The area on which electron beam was being excited in order to determine the energy of X-ray 
discharged was determined. The quantitative analysis involves in the estimation of relative existence 
of elements by peak intensity. As every element has its atomic configuration, unique set of peaks 
were used to identify a particular element in the sample. In this analysis, the weight percentage of 
various mineral elements present in the sample was classified. With the help of mass percentage, the 
characteristics of each sample can be obtained. 

3. Results and discussion 

3.1. Compressive strength 

The compressive strength test was performed for the specimens of size 100 × 100 × 100 mm 
with varying fly ash content and control sample at 7, 28, 56 days and results were plotted in Figure 3. 
From the graph, it was observed that the compressive strength was maximum for control specimen  
at 7 days. The early strength was majorly influenced by the physical presence of ash particles rather 
than the pozzolanic reaction. At the hydration age of 28 days, the higher compressive strength was 
spotted at 30% fly ash content because of the pozzolanic reaction and the presence of belite (C2S) in 
higher quantity. Even though the compressive strength obtained at 30% fly ash content has higher 
value and compressive strength related to 40% fly ash content resulting in higher value compared to 
the control sample due to the presence of oxides of silica and alumina which contributes strength and 
durability of concrete. At 56 days, even though compressive strength related to 40% fly ash content 
is higher than the control sample. This includes that the utilizing high volume of fly ash also 
resulting in the higher strength attainment compared to the control mix. 
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Figure 3. Compressive strength of specimens. 

3.2. Rapid chloride permeability test 

The rapid chloride permeability test (RCPT) values for the specimens with various fly ash 
replacements at a w/b ratio of 0.45 were plotted in Figure 4. From the graph, it was observed that the 
charge passed through control sample was more compared to specimens with varying proportions of 
fly ash content. The RCPT values were decreasing with increase in fly ash content. From the micro 
structural analysis, it was observed that the hydroxyl ions present in the pore solution were bounded 
by the fly ash particles which resulted in the reduction of alkalinity of pore solution. Thus, 
dissolution of aggregate was minimized leading to extenuation of alkali silica ratio through which 
low chloride permeability was observed in the specimens with fly ash content compared to control 
specimen. 

 

Figure 4. Rapid chloride permeability test results for binder content of 400 kg/m3 at W/B 
ratio of 0.45. 

3.3. UPV test 

The pulse velocity of the waves transmitted through the specimens at 7, 28 and 56 days was 
tested. The variation of pulse velocity values was shown in Figure 5. The velocity of the specimen 
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with blended fly ash resulted in higher values compared to the control specimen up to the 30% fly 
ash replacement at 28, 56 days respectively. The increase in velocity was due to the gradual 
pozzolanic reaction which tends to bind the particles by avoiding voids. This resulted in the higher 
UPV results for all the fly ash replacement proportions when compared to the 7 days results. 

 

Figure 5. UPV test results. 

3.4. Acid attack 

The loss percentage of compressive strength for the specimens with cement content of      
400 kg/m3 with water-binder ratio of 0.45 when immersed in H2SO4 solution at 7 days were    
plotted in Figure 6. The loss percentage of strength was majorly observed for the spceimens 
immersed in 5% H2SO4 solution. Highly soluble salts of calcium was precipitated when the 
portlandite and sulfuric acid react with each leading to the degradation of concrete. The control 
sample was majorly affected by the acidic solution compared to the specimens with fly ash content 
for all concentrations of acid. The percentage loss of strength for control sample when immersed in 
H2SO4 solution for 7 days was 26.37% which was reduced to 12.77% for the specimen with 60% fly 
ash content. 

 

Figure 6. Percentage of strength loss when specimens were immersed in H2SO4 solution 
at 7 days. 
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The speciemens with cement content being 400 kg/m3 with water-binder ratio of 0.45 were 
immersed in H2SO4 solution at an immersion period of 28 days. The percentage of strength loss was 
plotted in Figure 7 respectively. It was observed that the percentage of strength loss was less for the 
specimens immersed in 1% H2SO4solution because the deterioration is proportional to concentration 
of acid solution. For 5% concentration, the percentage loss of strength was 39.5 which was decreased 
to 23.51 for the specimen with 60% fly ash content. 

 

Figure 7. Percentage of strength loss when specimens were immersed in H2SO4 solution 
at 28 days. 

The percentage of strength loss was 49.38% for the control sample immersed in 5% H2SO4 
solution which was decreased to 29.51% with the replacement of 60% fly ash content in the Figure 8. 
From the graphs and results obtained above, it was noticed that with the increase in fly ash content 
the impact of sulfate attack was being decreased for all the proportions of fly ash and hydration days. 
The control sample was vulnerable to the sulphate attack because of the absence of celite compound. 
The samples which were immersed in 5% H2SO4 solution with variying proportions of fly ash 
content were less vulnerable compared to the control sample. With the addition of fly ash the sulfate 
attack on concrete was minimized effectively because of the resistance offered by fly ash to diffuse 
the particles and by stabilizing calcium aluminium hydrates within the binder. 

 

Figure 8. Percentage of strength loss when specimens were immersed in H2SO4 solution 
at 56 days. 
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The percentageof weight loss of the speciemens when immersed in various concentrations of 
H2SO4 solution at an immersion period of 7 days were plotted in Figure 9 respectively. The 
percentage of weight loss was majorly observed in the specimens immersed in 5% H2SO4 solution. 
The percentage of weight loss for control sample at 1% H2SO4 solution was 0.43 which was 
decreased gradually to 0.15 upon 60% replacement of fly ash content. It was 2.36 % for the control 
sample at 5% H2SO4 solution which was decreased to 0.62% at 60% flyash content. 

 

Figure 9. Percentage of weight loss when specimens were immersed in H2SO4 solution 
at 7 days. 

The specimens with 0.45 water-binder ratio with 400 kg/m3 were immersed in various 
concentrations of sulphuric acid for 28 days were plotted in Figure 10. The percentage of weight loss 
was majorly spotted for 5% H2SO4 solution with 7.1% which gradually decreased to 2.8% at 60% fly 
ash content. It was 3.8% for control sample at 3% H2SO4 solution which reduced to 1.08% upon 
replacement of 60% fly ash content. 

 

Figure 10. Percentage of weight loss when specimens were immersed in H2SO4 solution 
at 28 days. 

The percentage of weight loss when the specimens with 400 kg/m3 binder content and 
water-binder ratio being 0.45 when immersed in various concentrations of H2SO4 solution at 56 days 
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were plotted in Figure 11. It was 8.75% for the control sample when immersed in 5% H2SO4 solution 
which gradually decreased to 4.95% for the specimen with 60% fly ash content.From the graphs 
obtained, it was noticed that the major strength loss was observed for control specimen at all 
hydration days. The specimens with high volume fly ash replacement resulted in the lower values of 
strength loss. The loss in weight of specimen was due to sulphate attack. Leaching of calcium 
sulphate occurs when sulphate ions react with portlandite resulting in the weight loss and 
deterioration of concrete. From microstructural analysis, it was observed that with the increasing fly 
ash content the portlandite was decreased which resulted in counteracting the suplhate attack and 
increased durability of concrete. 

 

Figure 11. Percentage of weight loss due to immersion of specimens in H2SO4 solution 
at 56 days. 

The percentage loss of strength and weight was majorly observed at an immersion age of     
56 days. Figure 12 represents the deterioration of the speciemns with binder content of 400 kg/m3 
and water-binder ratio of 0.45 were immersed in H2SO4 solution of 5% concentration at an 
immersion period of 28 and 56 days. Incorporation of fly ash minimized the effect of acid attack by 
resisting the diffusion of particles. When compared to the control specimen, the speciemns with fly 
ash was observed with less amount of salt precipitation. It is evident from the Figure 12 that the 
additon of fly ash resulted in the decreased rate of deterioration relatively. 
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Figure 12. Deteriorated samples after immersing in acid at 28 and 56 days. 

3.5. Micro structural analysis 

It was observed that due to early stage of hydration process, the formation of portlandite (CH) 
was rapid because of freely available lime resulting in the higher peak in the 7 day graph of   
Figure 13. At later stages of hydration, the consumption of freely available portlandite was higher 
resulting in the decrease of CH peak in 28 days graph. Corresponding decrease in the portlandite 
formation in 28 days leads to increase in formation of tobermorite (C-S-H) and its hydrated products 
which are alite (C3S). belite (C2S). It was also evident from Figure 14 that due to the formation of 
needle like crystals (ettringite), the Interfacial transition zone (ITZ) was initiated which resulted in 
increasing the pore size of the particle. Due to the absence of pozzolanic activity, alite (C3S) was 
higher which contributes early strength (7 days) and at 28, 56 days belite (C2S) was observed which 
is a contributor of later strength. The early strength of control sample was higher when compared to 
the other samples with varying proportions of fly ash content because of the presence of alite in 
higher amounts and reaction of free lime even at curing stage also. From the EDS graph obtained for 
control sample at various hydration days, it was noticed the peak of calcium was high when 
compared to the other compounds. Since there is no supplementary cementitious material calcium 
existed in higher amounts. 
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Figure 13. XRD image obtained for sample without fly ash at 7, 28, 56 days and their 
corresponding EDS graphs. 

 

Figure 14. SEM images of sample without fly ash at 56 days. 

The constant decrease of portlandite and corresponding increase of tobermorite were observed 
from the XRD graph at various hydration days was represented in Figure 15. With the visual 
evidence from the Figure 16 obtained the ettringite which had needle like structure was converted 
into crystalline tobermorite due to the binding of particles. Due to the constant consumption of CH 
by the pozzolanic activity there was no amount of portlandite in order to react with the dissolute ions 
which cause delay in the attainment of compressive strength in early stages. The formation of alite 
which is a contributor of early strength and belite compound was increased due to the pozzolanic 



315 

AIMS Materials Science  Volume 8, Issue 2, 301–320. 

action. After 28 days, a drastic change in carbonation was observed which attributed to the reaction 
of CaCO3 with Ca(OH)2 and fly ash resulting in the increase of C-S-H formation along with 
carbonate compounds. From the EDS graphs obtained for 20% fly ash samples at 7, 28, 56 days it 
was observed that the quantity of calcium was decreasing compared to the control sample and the 
hydration ages. 

 

Figure 15. XRD image and corresponding EDS graph obtained for 20% fly ash sample 
at 7, 28, 56 days. 

 

Figure 16. SEM image of sample with 20% fly ash replacement at 56 days. 

The silica content was increasing with increase in fly ash content. The oxides of various 
compounds resulted in the oxide peak. The constant decrease of portlandite gel was spotted with the 
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increase of fly ash content resulting in the formation of CSH peak and its hydrated products such as 
magnesium oxide, calcium carbonate along with alite and belite compounds were spotted in   
Figure 17. Due to the formation of hexagonal crystals, the conversion of ettringite to monosulphate 
reaction was gradually decreased resulting in the freely available portlandite which was shown in 
Figure 18. The magnesium oxide helps to promote the hydration reaction of alite and belite. This is 
the reason for the high strength attainment in the samples with fly ash content around 30%. From the 
EDS graphs obtained for various hydration days, it was observed that the calcium content was 
decreased with the corresponding increase in silica content. Since the fly ash contains high amount 
silicates, the peak of silica was noticed with increase of fly ash content. The calcium content was 
consumed by the formation of CSH gel due to the pozzolanic reaction. 

 

Figure 17. XRD image and corresponding EDS graph obtained for 40% fly ash sample 
at 7, 28, 56 days. 
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Figure 18. SEM image of sample with 40% fly ash replacement at 56 days. 

It was observed that due to the presence of fly ash in high volume, the quantity of portlandite 
was reduced to minute amounts due to vigorous pozzolanic action in the Figure 19. The quantity of 
tobermorite (C-S-H) gel was being increased as long as the consumption process of portlandite was 
continued. 

 

Figure 19. XRD image and corresponding EDS graph obtained for 60% fly ash sample 
at 7, 28, 56 days. 



318 

AIMS Materials Science  Volume 8, Issue 2, 301–320. 

After the exhaustion of portlandite formation, the quantity of tobermorite was reduced by 
producing hydration compounds like alite (C3S), belite (C2S), MgO and carbonate compounds. 
Figure 20 represesmts the formation of dense C-S-H crystals. 

 

Figure 20. SEM image of sample with 60% fly ash replacement at 56 days. 

4. Conclusions 

The present study was performed to evaluate the complex hydration and mechanical behavior of 
HVFA concrete. Based on the experimental results obtained the conclusions were made: 
(1) The amorphous silicates in the fly ash react with tobermorite which had crystal structure 

resulted in the reduction of portlandite as well as increase of CSH gel enhanced the binding 
capacity by the pozzolanic activity. 

(2) The formation of portlandite is harmful for the durability of concrete in terms of acid attack 
which was reduced with the increase of fly ash content leads to the reduction of capillary pores 
which result in the decreased diffusion of particles. 

(3) Fly ash tends to contribute compressive strength when the aluminosilicates present in the fly ash 
react effectively with calcium aluminosilicates in cement. Due to this reason the early strength 
of sample containing fly ash resulted in lesser value when compared to the control specimen. 
Gradual increase in the compressive strength at later stages was due to the high-volume fly ash 
and the long term pozzolanic reaction. 

(4) Though the fly ash up to 30% reflected maximum strength gain, considering all mechanical as 
well as durability properties, optimum value of 40% fly ash replacement was proposed 
considering superior all round performance in comparison to concrete without fly ash 
replacement at 28 days. 

(5) Micro structural analysis revealed that with the addition of fly ash, the density of binder matrix 
was increased by the pozzolanic reaction. Replacement of fly ash decreased the diffusion of 
particles and access the equilibrium of CAH hydrates thus increase durability of concrete. 
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