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Abstract: Fly ash is a fine grey powder consisting mostly of spherical, glassy 
particles produced as a by-product in coal-fired power stations having 
pozzolanic properties that exhibits supplementary cementitious material. This 
paper essentially investigated about the effects of fly ash on concrete ‘with and 
without admixture, and as well as mixed form’ in aspect of water-binder ratio, 
fly ash replacement percentages and curing ages (days). For modelling and 
analysis of these properties statistical best fit functions were used. This 
comprehensive study shows that in all types of concrete, compressive strength 
decreasing with increasing water-binder ratio. However, in maximum cases, 
highest compressive strength observed in case of ‘with admixture fly ash 
concrete’ is at 20% fly ash (FA) replacement level and shows maximum 
strength gaining initiates between 7–90 days in case of ‘with admixture FA 
concrete’ whereas significant strength gaining observed after 90 days onwards 
and ultimate strength gaining at 365 days. 

Keywords: fly ash; compressive strength; w/b ratio; FA; ages; composition; 
statistical distribution. 
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seismic hazard, site response, microzonation, risk evaluation, solid mechanics, 
condition assessment and health monitoring of structures, reliability and 
probability, Monte Carlo simulation, GIS and remote sensing, corrosion 
modelling, and landslide hazard assessment. 

 

1 Introduction 

Fly ash (FA) is a fine grain particle recovered from the burning coal during the 
production of electricity as a derivative and treated usually as a waste product. These 
micron-sized earth elements consist primarily of silica, alumina and iron as chemical 
elements. However, because of micron-size particles, ecological cycles would be effected 
badly if FA is not disposed of properly (Nadesan and Dinakar, 2017). Therefore, in an 
economical advantageous way it should be a key concern to transform it as a recycle 
materials (Nadesan and Dinakar, 2017). However, FA has reasonable binding/adhesive 
properties similar to cement because of its chemical composition present in the  
by-product of FA. Hence, FA may be called as a supplementary cementitious material 
accounted for cement replacement material. Alternatively, FA increases workability, 
decreases heat of hydration and thermal cracking in concrete at early ages. FA also 
increases mechanical as well as durability characteristics of concrete essentially at later 
ages (Hemlatha and Ramaswamy, 2017). Although, there are advantages of FA, however 
so far, using 100% FA replacement has not been gained due to some limitations. Further, 
the China, USA and India acquire almost 70% of the total coal consumption of the world 
(Figure 1). According to CEA report, about 166 million tons of FA produced from  
132 thermal plants annually in India (Figure 2). There is essentially about 56% FA use, 
fruitfully made through many ways shown in Figure 2 and the rest part of FA becomes 
under consideration yet. There is much interest/demand that FA could be applied in the 
commercial purpose as a cement replacement material. At the same time, industrial 
wastes were absorbed and the necessity of cement clinker diminished by this method. For 
producing cement and concrete, a high quality FA with low dosage carbon content 
normally used as addition of minerals. However, for land filling/ground improvement 
techniques, FA essentially used containing high and varying level of carbon (Nadesan 
and Dinakar, 2017). By investigating the chemical composition of FA indicating its 
potential to use as raw material in cement industry. Indeed, increasing trends in 
production of FA around the world from various sectors attract one and all to use FA in 
the construction industry. However, in order to develop a clear understanding for it is 
spacious application, the aim of this study is to identify, quantify the key ingredients/ 
factors in FA, responsible for enhancing engineering properties thereby attaining/ 
contributing strength, workability and its variability with ages in FA concrete. However, 
as per literature, much study is not being carried out so far to extract the various 
engineering properties of FA till date, it is still confined within the experimental/insitu 
judgement policy in various sectors as well as construction industry and the code of 
practice about FA is not mature enough to address these issues with clarity and bringing 
the limitations about it is applicability in the field/industry. Therefore, for gaining the 
idea, various research papers/reports are being followed globally with various aspects 
such as degree of hydration of high volume FA (HVFA) cement systems, durability 
characteristics of HVFA engineered cement composites mechanical and fracture 
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properties of FA concrete, influences the type of FA on freeze thaw resistance reported to 
account in large area (Hemlatha and Ramaswamy, 2017). 

However, as per Indian standard (IS-1489, 2000), the higher limit of FA uses is 
restricted to 35% in the processing of Portland pozzolona cement. Indeed, from the 
research papers, it is observe that FA becomes incapable in enhancing the strength 
characteristics in its original form when used beyond 35% replacement. In such 
circumstances, FA requires improvement in the mix in order to form more hydration 
products to increase the strength. It is also reported that gaining strength depends on 
above 50% replacement of FA (Hemlatha and Ramaswamy, 2017). There are main two 
reasons to use the FA, i.e.: 

a fine aggregate replaced by it 

b effective pozzolanic action provided by it (Christy and Tensing, 2010). 

Figure 1 Consumption of FA (%) in respective of country (see online version for colours) 
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Source: Nadesan and Dinakar (2017) 

Figure 2 As per Indian scenario FA uses in percentages at various fields (see online version  
for colours) 
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Source: Nadesan and Dinakar (2017) 
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There is a likelihood of creation of huge quantity of CO2, SO2 and NOx by the production 
of cement. From the beginning of 1960s, there was incorporation of FA as a pozzolanic 
material into the concrete. There is a utility of FA into concrete as a pozzolanic material 
that could be utilised either as a component of blended Portland cement or as a mineral 
admixture. There are some benefits of replacement of cement by FA or as a mineral 
admixture in concrete. Firstly, there is an increase of environmental greenness and 
decrease the heat of hydration. Secondly, durability enhanced by addition of FA. Thirdly, 
presence of FA provides higher workability, better compactness in the interfacial 
transition zone and a finer pore structure in the system. FA (15–30%) used as 
replacement of binder extensively but 30–60% FA developed as HVFA by engineer or 
researcher. There is increment of using coal above 3.4% in the next two decades in  
spite of retirement of many coal plants. In aspect of chemical composition,  
calcium-silicate-hydrate (C-S-H) and or calcium aluminate silicate hydrate produce by 
pozzolanic reaction. There is a contribution of FA in concrete at later ages due to 
relatively slow process of pozzolanic reaction. Various papers reviewed to 
understand/examine the effects on concrete by FA. It has been shown that, all strengths 
(compressive strength, flexural strength, splitting tensile strength and bond strength) 
increases in later ages due to earlier mentioned slow pozzolanic reaction essentially for 
the without admixture cases. It has been noticed that there is a gaining of early strength in 
some cases for ‘mixed’ and ‘with admixture’ cases (Yu et al., 2017). 

In this paper, authors discussed about the effects of FA in aspects of three categories 
stated above such as 

a mixed type of FA concrete 

b with admixture type of concrete 

c without admixture type of concrete. 

Further, authors have made an attempt to investigate and discuss mainly to extract 
generalised behaviour that effects on FA concrete considering with, without and mixed 
type of admixture FA concrete to bring into a standard form similar to cement concrete 
for its wider applicability in future by properly quantifying these engineering properties 
presented such as compressive strength, flexural strength, splitting tensile strength and 
bond strength of FA concrete and found a fruitful correlation among them. Alternatively, 
the main aim of this work becomes to gather the findings from the reported researches to 
obtain more data/information about various mechanical properties of FA in aspect of 
‘with admixture, without admixture as well as mixed conditions’. 

2 Reviews on FA concrete 

Authors have reviewed essentially considering papers where intense discussions done on 
the effect of FA as a cement replacement material in aspects of various engineering 
properties. The recent papers on FA comprehensively reviewed to extract, how FA 
effects on compressive strength, flexural strength, splitting tensile strength, slump and 
bond strength respectively. Christy and Tensing (2010) discussed the effects of class F 
FA at various replacement levels on concrete in aspects of compressive strength at  
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various cement mortar proportions. Rashad (2015) represented a total summary on the 
use of high volume class F FA as a partial replacement of cement on OPC. Mahalingam 
et al. (2016) assessed the hardened characteristics of raw FA blended self-compacted 
concrete. Chousidis et al. (2016) discussed the influence of chemical composition of FA 
on mechanical properties of concrete and the resistance of RCC against chlorination. 
Rafieizonooz et al. (2016) investigated to study the effects of coal bottom ash and FA as 
replacement for sand and cement in aspects of various properties of concrete. Nawaz  
et al. (2016) made a review in the progress of discussion on effects of free lime on 
compressive strength of FA concrete along with their limitations. Shehab et al. (2016) 
reviewed the effects of geo-polymer on FA concrete in aspects of various factors and 
different levels of FA percentages. Further, Saha (2017) reviewed on effects of class F 
FA on compressive strength of concrete at various replacement levels of FA percentages. 
Karthik et al. (2017) reviewed on effects of bio-additives of the various properties on  
bio-geopolymar concrete. Yu et al. (2017) studied that increasing the compressive 
strength of UHVFA concrete in a simple and practical method, by reducing water-binder 
ratio while adding super plasticisers to maintain the workability at various replacement 
levels. Liao et al. (2017) discussed on effects of compressive strength by using low grade 
FA at various percentages in magnesia phosphate cement-based concrete. Mehta and 
Siddique (2017) showed the effects of low calcium FA at various replacement percentage 
on OPC in aspect of compressive strength. Khodair and Bommareddy (2017) discussed 
on the effects of various percentages recycled aggregate and FA on concrete in aspect of 
various factors. Silva and Andrade (2017) investigated the effects of different 
replacement levels of RCA and FA on concrete in aspects of various ways at different 
water-binder ratio. Moffatt et al. (2017) represented the effects of HVFA on concrete in 
aspect of durability at various replacement levels of FA and different water-cement ratio. 
George and Sofi (2017) reviewed that the effects of FA and lime on OPC in aspect of 
various factors. Golewski (2018a, 2018b) showed the effects of class F FA on OPC in 
aspect of compressive strength, respectively. 

However, from these papers, after the data (compressive strength, w/b ratio, FA 
replacement % and strengths on various curing ages) extracted with care, thereafter an 
attempt has been made to obtain the population statistics (population mean strength and 
its variability) on characterisation of FA as a cement replacement material. The main 
objective of this review paper is to investigate the effects of FA on compressive strength 
as a cement replacement material after obtaining and compilation of required available 
data collected from the various experimental reports/results presented that could provide 
as a reference and helps in use as guideline for the researcher and engineer who would be 
working with FA concrete in these aspects as well as could be used in various civil 
engineering construction activities keeping the basic design aspects as sustainable 
materials by replacing cement. The literature gathered for this review are summarised as 
on 

1 Effects of FA including with and without admixture on compressive strength of 
concrete in aspects of various properties [to examine how admixture contributes 
gaining various engineering properties in FA concrete]. 
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2 Effects of external influence such as water-cement ratio, and the level of replacement 
respectively. 

3 Types of FA 

There are two kinds of FA such as ‘class C’ and ‘class F’ according to American Society 
for testing and materials (ASTM-C618-8a, 2009). There is formation of ‘class F’ FA 
essentially due to flaming anthracite or bituminous coal where composition of SiO2, 
Al2O3 and Fe2O3 materials contains/passed 70%, whereas flaming lignite or  
sub-bituminous coal forms ‘class C’ FA where composition of earlier mentioned 
chemicals ranges between 50%–70%. However, class F FA behaves as a normal  
pozzolona and this FA formed by silicate glass reformed by aluminium and iron  
(RILEM TC 73-SBC, 1988). In class F FA, CaO content becomes less than 10%. Indeed 
portlandite (CH) produced by cement hydration. This portlandite (CH) is needed to 
produce calcium silicate hydrate (C-S-H) in pozzolanic reaction. There is slow reaction 
rate of low calcium FA specifically during the initial periods of hydration because of the 
phases of existing additional crystalline, which behaves chemically inert in concrete 
(Hemmings and Berry, 1988). There is not only differentiation between class C and class 
F FA in aspect of percentage of lime, also in aspect of depolymerised glass phase (Ghosh 
et al., 1993). There are inactiveness of containing high calcium FA for curing (Poon  
et al., 1997). There are less efficiency of high calcium fly ashes to control the growth 
because of alkali silica reaction (Smith, 1988) and sulphate attack (Dunstan, 1980) 
differentiate with low calcium fly ashes. It is assumed that there is increment of the 
reactivity of the high calcium fly ashes due to replacement of calcium in the glass phase 
(Mehta, 1985, 1998). There is higher reactivity due to higher percentage of calcium 
following to the less quantity SiO4 polymerisation (Odler, 2009; Mehta, 1985). There are 
some studies where less enlargement of concrete occurred due to few amount of alkali 
ions existing in the vent solution that react with aggregates likely (Bleszynski and 
Thomas, 1998; Medhat and Michail, 2000). There are also bad effects for reinforcement 
corrosion in concrete due to less pH reacts with it. Further, calcium hydroxide is not only 
responsible for the alkalinity of pore solution but the sodium and potassium ions in 
cement and FA (Diamond, 1981) too. For high FA content, there is less pH because of 
low amount of CH then pH value balanced by Na+ and K+ (Wesche, 1991). There is less 
erosion comparatively in spite of less pH of concrete by reason of pozzolanic reaction 
due to commonness of same alkaline environment in both FA as well as normal concrete 
(ACI, 1979). It has been shown that rather presence of FA increases the erosion 
resistance with concrete having more dense being well proportionate as well as proper 
curing (Joshi and Lohita, 1997). Indeed, Hemlatha and Ramaswamy (2017) have shown 
(Figures 3 and 4) the percentages of class C and class F FA as given in Figures 3 and 4. 
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Figure 3 Ranges (%) of various chemical components considering class C FA (see online version 
for colours) 
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Figure 4 Ranges (%) of various chemical components considering class F FA (see online version 
for colours) 
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4 Foggy nature of FA 

According to above discussion, FA is produced largely by coal burning in which material 
owing intrinsic varying features. Ward and French (2005) presented that FA has  
three ingredients, these are crystalline minerals, unburnt carbon materials and  
non-crystalline alumina silicate glass. Every single particle has distinctive reaction ability 
when it replaces cement (Hemlatha and Ramaswamy, 2017), however, few unwanted 
existence of combusting carbon observed in FA. It has been reported that calcination 
process abolishes this combusting carbon (Temuujin and Van Riessen, 2009) with a 
limited extend crystalline phases converted from indeterminate phases (Hemlatha and 
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Ramaswamy, 2017). Approximately, in all case glassy materials owing of very less 
sequence of atomic structure makes FA and these components mainly chemically react 
(Durdzinski et al., 2015). Further, it has been shown that high pozzolanic reaction 
occurred due to more unshaped FA (Hemlatha and Ramaswamy, 2017). It has been 
noticed that at a later periods pozzolanic reaction effected due to unshaped nature of FA 
(Sakai et al., 2005). More amount of unshaped components of the FA offer higher 
pozzolanic reaction. Further described that, for most crystalline phases, low calcium FA 
remains inert due to alkaline environment, additionally it has been seen that because of 
few reactive crystalline phases, high calcium FA reacts. Chancey (2008) and Tkaczewska 
(2014) reported that pozzolanic reaction increased due to higher degree of 
depolymerisation by using of finer FA. 

5 Shape of FA particles 

There is one of the main characteristic of FA such as fineness (Slanicka, 1991). The 
production of concrete done by FA due to advantageous of fineness of FA and found 
remarkable effects on FA cement or concrete (Erdogdu and Turker, 1988). There is an 
effects of size of FA which provides filling and nucleation in cement hydration 
(Chindaprasirt et al., 2007), however reported that there are some benefits for finer FA 
which increases compressive strength, decreases shrinkage, expansion, etc. further, it has 
been noticed that there is less reaction due to coarser FA and to suspect the sulphur 
attack, require more water in the porous mortar. Also, it decreased strength, expansion of 
drying shrinkage and for sulphate attack, coarser FA is mainly responsible and it has 
better performance against sulphuric acid (Chindaprasirt et al., 2004). Indeed, there is 
better bonding for the less specific gravity of coarser FA and less volume of OPC due to 
higher resistance of sulphuric acid (Hemlatha and Ramaswamy, 2017). Itskos et al. 
(2010) described that there becomes a better pozzolanic reaction features by the  
7–150 µm with the existence of more deep glass and feeble crystalline periods. 

6 Reported percentage of FA in concrete 

In recent years, it has been seen that FA becomes used as a cement replacement material 
in concrete considering the typical cases of application. Bendapudi (2011) suggested that 
there is a limitation of 15–20% replacement of FA among total binder content. Indeed, 
there becomes a highest 35% replacement of FA as binder content according to British 
Standard (BSI, 1997a, 1997b) as well as also for Indian standards (IS-1489, 2000). It has 
been observed that there is intense study on replacement of HVFA in concrete (Alasali 
and Malhotra, 1991; Malhotra, 1986, 1990). However, durability, permeability, and 
strength are possible to improve above 50% replacement of FA in concrete (Malhotra, 
1986, 1990). The HVFA above 56% replaced FA concrete also becomes effective in 
freezing and thawing test (Langley et al., 1989). 
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7 Efficiency of cement and reaction of Pozzolona 

Smith (1967) described the idea of cementing factor (k), by which replacement of FA 
procedure becomes flourished. Cementing efficiency defines the durability and 
performance of concrete and similar type of other quality. It has been shown that at initial 
periods, less cementing efficiency showed by FA and behaves as filler material. Again, 
there is a fruitful effect of this pozzolanic reaction for increasing the strength (Hemlatha 
and Ramaswamy, 2017). However, Smith described that “the mass of FA could be 
equivalent to the mass of cement in relation to the development of compressive strength.” 
Also, the ‘k’ factor defines the distinction between the effect of Portland cement and 
mineral admixtures for evolution of a particular feature. For simplicity and reliability, 
compressive strength test defines the cementing efficiency (Hemlatha and Ramaswamy, 
2017). There are advantageous effects such as lubrication, pozzolanic and filler effect as 
well as cementing efficiency (Siddique, 2004; Sua-iam and Mukul, 2015) of FA, 
nevertheless it becomes observed that pozzolanic reaction perform the major part in the 
whole reaction process. The component of Al2O3 and SiO2 play a major role for 
pozzolanic reaction and form much hydrated gel in the period of hydration of cement. 
However, an increased strength observed due to filling of capillary pores by the gel (Cao 
et al., 2000). So, these chemical compositions become the main reason of reaction of FA. 
However, aluminosilicate gel forms all pozzolanic material and reacted with calcium 
hydroxide that formed in the period of cement hydration as shown by (Papadakis, 1999; 
Zeng et al., 2012). 

3 2 33CH 2S C S H+ →  

8 26A F 8CH 18H C AFH+ + + →  

3 2 3 3 12A CSO H 3CH 7H C ACSO H+ + + →  

4 13A 4CH 9H C AH+ + →  

where CH = portlandite, S = SiO2, H = H2O, A = AL2O3 and F = Fe2O3. 
Indeed, there are various hydrated products/compounds formed during the various 

phases of curing. It has been seen that age and limit of FA replacement is the main key 
factors causing strength variations. Further, calcium hydroxide becomes the essential 
component for pozzolanic reaction. Succeeding the hydraulic reaction, pozzolanic 
reaction usually takes place (Hemlatha and Ramaswamy, 2017). 

8 Data collection 

As discussed, the catalogue/data of FA compressive strength collected through extensive 
study from literature reported so far. The objective becomes to extract, compile and 
present generalised relationships/characteristics for its wide applicability in various 
engineering applications in general and could be considered as standard guidelines in 
design so that it could be used as cement replacement materials effectively and could be 
used this as useful-materials from wasteful-materials which application becomes still  
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limited. This becomes essentially because of lack of our limited understanding about this 
material which becomes a by-product producing from power plant and considered as 
waste product as reported above. However, in this study after the data collection from 
various research papers, these data has been thoroughly processed, analysed and divided 
into three categories stated above. There are total 713 (Figure 5) compressive strength 
data collected for water-binder ratio, in which 146 data (w/b – 0.2, 0.25 and 0.6) are not 
considered from the database due to misfit and limited extraction from the overall data 
collected for this study. Alternatively, there are 567 compressive strength data taken in 
mixed form, of which 394 data with admixture FA concrete and 173 data without 
admixture collected in aspect of water-binder ratio [Figure 6(a)]. However, there are all 
total 758 compressive strength data collected considering FA replacement percentage 
(Figure 5), of which there are 186, 15, 33, 21, 211, 56, 74, 76, 37, 29, 8, 4 and 8 data 
respectively [Figure 6(c)] collected consecutively for 0, 5, 10, 15, 20, 25, 30, 40, 50, 60, 
75, 80 and 100% replacement of FA concrete. Again there are total nos. of 186, 211 and 
74 data collected for 0%, 20% and 30% FA concrete successively for mixed fly ash 
(MFA) concrete. There are 113, 90 and 39 compressive strength data successively 
collected for 0%, 20% and 30% FA replacement for with admixture fly ash (WAFA) 
concrete as well as 73, 121 and 35 [Figure 7(c)] data successively collected for 0%, 20% 
and 30% replacement for without admixture fly ash (WOFA) concrete in aspect of 7, 28, 
56, 90 and 365 curing days of concrete. From the processed data, the average value 
estimated for each FA percentage. There are total 15 data taken in average for each type 
of concrete. Other data in aspect of other FA replacement percentage as well as days 
removed due to tally the data with each other. In mixed form, a total of ‘with and without 
admixture’ form data finally collected for those specified percentage at various specified 
days. A total 733 data collected for MFA, 314 and 419 compressive strength data  
[Figure 6(c)] collected for successively WOFA and WAFA concrete in aspect of all days. 
The average 13, 11 and 9 data are found successively for MFA, WAFA and WOFA 
concrete and these used for further studies. 

Figure 5 Total data collected in aspect of various way (see online version for colours) 
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Figure 6 Data extracted and presented considering, (a) w/b ratio (b) ages (days) (c) FA% 
replacements 
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(c) 

There are in total 128, 233, 17, 75, 16 and 11 no. of data [Figure 8(c)] collected 
consecutively for 7, 28, 56, 90, 180 and 365 curing days for MFA concrete in aspect of 
all kind of w/b ratio and all FA%. However among this data, there are 26, 27, 10, 16, 10 
and 8 data reserved considering the averaging technique. For WAFA concrete, there are 
59, 120, 8, 8 and 3 no. of data [Figure 8(b)] collected successively for 7, 28, 90, 180 and 
365 days. There is no data found about 56 days respectively for this type of concrete. 
Considering this data, there are 12, 14, 5 and 5 samples averagely taken for 7, 28, 90 and 
180 days successively. There is no data found about 56 days as earlier mentioned and 
also for 365 days, because of only three single data exist respectively of different FA 
replacement categories. On the other hand, there are 69, 113, 17, 67, 8 and 8 data  
[Figure 8(a)] taken consecutively for 7, 28, 56, 90, 180 and 365 days, of which there are 
16, 17, 9, 15, 8 and 8 data averagely collected for those days for WAFA concrete. As a 
result, all total there are 480, 198 and 282 data [Figure 8(d)] successively collected for 
MFA, WOFA and WAFA concrete, also there are 97, 36 and 73 average data collected 
consecutively for earlier mentioned concrete. These collected data have been processed 
carefully and extended for further studies. 
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Figure 7 Selected maximum % of FA such as 0, 20 and 30 are considered for further study 
taking, (a) mixed form FA concrete (b) with admixture FA concrete (c) without 
admixture FA concrete (see online version for colours) 
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Figure 8 Data extracted and presented showing 2D graph in aspect of all w/b ratio (0.2–0.6), 
FA% (0–100) and ages (7–365 days) considering, (a) WAFA (b) WOFA (c) MFA 
concrete for further studies (d) represents the total data collection of respective concrete 
(see online version for colours) 
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Figure 8 Data extracted and presented showing 2D graph in aspect of all w/b ratio (0.2–0.6), 
FA% (0–100) and ages (7–365 days) considering, (a) WAFA (b) WOFA (c) MFA 
concrete for further studies (d) represents the total data collection of respective concrete 
(continued) (see online version for colours) 
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9 Data analysis 

For evaluating general characteristics of FA concrete from the large datasets collected 
from the reported results by various researchers, however, it becomes important to extract 
the information from a large population of datasets to represent the average behaviour 
statistically that would represent/help in obtaining the mean population statics along with 
the variability of concerned engineering parameter for the design process as well as 
various application in the field/industry. Authors have selected suitable statistical 
functions such as normal, lognormal, and Weibull for identifying the best fitting model to 
capture the realistic behaviours according to the available data sample. The 
characteristics of these functions are discussed as follows such as: 

1 Normal distribution function: A function that represents the distribution of many 
random variables as a symmetrical bell-shaped graph. The normal distribution is 
useful because of the central limit theorem. In its most general form, under some 
conditions (which include finite variance), it states that averaging of observed 
samples represents random variables independently drawn from independent 
distributions to the normal, become normally distributed when the number of 
observations is sufficiently large or infinite mathematically. Physical quantities 
expected to be the sum of many independent processes (such as measurement errors) 
often have distributions that are nearly normal. Moreover, many results and methods 
(such as propagation of uncertainty and least squares parameter fitting) could be 
derived analytically in explicit form when the relevant variables are normally 
distributed. The probability density function of the normal distribution is as: 
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where 
• µ is the mean or expectation of the distribution (and also its median and mode) 
• σ is the standard deviation 
• σ2 is the variance. 

2 Lognormal distribution function: In probability theory, a lognormal distribution is a 
continuous probability distribution of a random variable whose logarithm is normally 
distributed. Thus, if the random variable X is log-normally distributed, then Y = ln(X) 
has a normal distribution. Likewise, if Y has a normal distribution, then the 
exponential function of Y, X = exp(Y), has a lognormal distribution. A random 
variable which is log-normally distributed takes only positive real values. The 
probability density function of the lognormal distribution could be expressed in the 
following form: 

2

2
1 1 (ln )( ) exp

22
x

x μf x
x σσ π

− = − 
 

 (2) 

where 
• µ is the mean or expectation of the distribution (and also its median and mode) 
• σ is the standard deviation 
• σ2 is the variance. 

3 Weibull distribution function: The Weibull distribution is one of the most widely 
used lifetime distributions in reliability engineering. It is a resourceful distribution 
that could take on the characteristics of other types of distributions, based on the 
value of the shape parameters. This function becomes feasible to analyse the life 
time failure such as hazard rate; life cycle cost studies and time dependant failure of 
a system according the ages. The probability density function of the Weibull function 
is 

( )( ) 1 ( / )( , , ) for 0 and 0 for 0kk x λf x λ k k λ x λ e x x− −= ≥ <  (3) 

where k > 0 is the shape parameter and λ > 0 is the scale parameter of the 
distribution. Its complementary cumulative distribution function is a stretched 
exponential function. This distribution is related to a number of other probability 
distributions; in particular, it interpolates between the exponential distribution (k = 1) 
and the Rayleigh distribution (k = 2) and 2 .λ σ=  The models were shown  
(Figure 9) in the following form considering the compressive strength data varying 
w/b ratios such as 0.2, 0.3, 0.4, 0.5, 0.55 and 0.6 (with admixture, without admixture, 
and mixed form) as well as the analysis of results such as mean and variance 
presented in tabular form in Table 1. 
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Figure 9 All various compressive strength statistical models at various water-binder ratios 
presented considering such as normal, lognormal and Weibull distribution functions,  
(a) at w/b ratio 0.2 (b) at w/b ratio 0.3 (c) at w/b ratio 0.35 (d) at w/b ratio 0.4 (e) at w/b 
ratio 0.5 (f) at w/b ratio 0.55 (g) at w/b ratio 0.6 (see online version for colours) 
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Figure 9 All various compressive strength statistical models at various water-binder ratios 
presented considering such as normal, lognormal and Weibull distribution functions,  
(a) at w/b ratio 0.2 (b) at w/b ratio 0.3 (c) at w/b ratio 0.35 (d) at w/b ratio 0.4 (e) at w/b 
ratio 0.5 (f) at w/b ratio 0.55 (g) at w/b ratio 0.6 (continued) (see online version  
for colours) 
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Figure 9 All various compressive strength statistical models at various water-binder ratios 
presented considering such as normal, lognormal and Weibull distribution functions,  
(a) at w/b ratio 0.2 (b) at w/b ratio 0.3 (c) at w/b ratio 0.35 (d) at w/b ratio 0.4 (e) at w/b 
ratio 0.5 (f) at w/b ratio 0.55 (g) at w/b ratio 0.6 (continued) (see online version  
for colours) 
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9.1 Data statistics for selecting best fit model 

Earlier the models at various water-binder ratios have been shown as well as extracted 
and used many data about these models for selecting best fit models shown in Table 1. It 
has been found that mixed compressive strength data sample having 757 no’s found for 
water-binder ratio ranging from 0.2–0.6 exhibiting that the best fit model follows Weibull 
distribution in maximum case. From Table 1, considering these aspects, authors could 
conclude that the best fitting function for mixed sample may be due to mixing of the 
various characteristics of the materials. Alternatively, it could be concluded that for the 
mixed grade of FA concrete, Weibull distribution would be the appropriate distribution to 
represent the real characteristics of the concrete mix grade. Further, it has been found 
from Table 2 that in case of sample (with admixture) exhibits the best fitting function 
following lognormal in maximum case. Similarly from Table 3, the sample (without 
admixture or normal FA concrete) shows the best fitting functions are the normal and 
lognormal in maximum cases. 
Table 1 Compressive strength (mixed) 

Water-binder 
ratio (w/b) 

Weibull 
parameters 
(scale and 

shape) 

Mean 
value 

(N/mm2) 

Standard 
deviation 
(N/mm2) 

Log 
likelihood 

value 

Type of 
model 

Best fit 
model 

0.2 Scale-51.71 46.8 36.64 –49.7 Normal Lognormal 
Shape-1.41 3.55 0.82 –47.38 Lognormal 

 47.07 33.77 –47.6 Weibull 
0.3 Scale-90.01 85 14.8 –11.84 Normal Weibull 

Shape-9.82 4.43 0.18 –11.98 Lognormal 
 85.57 10.47 –11.45 Weibull 

0.35 Scale-50.36 46.35 10.22 –138.01 Normal Weibull 
Shape-5.34 3.81 0.23 –139.71 Lognormal 

 46.41 10 –137.51 Weibull 
0.4 Scale-38.17 33.86 13.96 –916.02 Normal Weibull 

Shape-2.62 3.42 0.46 –923.15 Lognormal 
 33.91 13.87 –910.75 Weibull 

0.5 Scale-103.83 104.49 116.26 –863.97 Normal Lognormal 
Shape-0.98 4.13 0.94 –769.10 Lognormal 

 104.39 105.7 –790.85 Weibull 
0.55 Scale-38.07 33.73 14.7 –677.15 Normal Weibull 

Shape-2.52 3.39 0.54 –692.9 Lognormal 
 33.8 14.31 –674.37 Weibull 

0.6 Scale-27 24.22 8.38 –463.96 Normal Normal 
Shape-3.19 3.10 0.43 485.06 Lognormal 

 24.18 8.3 –464.42 Weibull 
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Table 2 Compressive strength (with admixture) 

Water-binder 
ratio (w/b) 

Weibull 
parameters 
(scale and 

shape) 

Mean 
value 

(N/mm2) 

Standard 
deviation 
(N/mm2) 

Log 
likelihood 

value 

Type of 
model 

Best fit 
model 

0.2 Scale-51.71 46.8 36.64 –49.7 Normal Lognormal 
Shape-1.41 3.55 0.82 –47.38 Lognormal 

 47.07 33.77 –47.6 Weibull 
0.35 Scale-52.12 48.23 10.07 –111.35 Normal Weibull 

Shape-5.92 3.85 0.23 114.18 Lognormal 
 48.31 9.47 –110.31 Weibull 

0.4 Scale-55.36 29.62 14.18 –577.58 Normal Lognormal 
Shape-2.23 3.27 0.49 –566.13 Lognormal 

 29.72 14.06 –568.82 Weibull 
0.5 Scale-168.98 159.74 130.25 –496.28 Normal Lognormal 

Shape-1.17 4.63 0.98 –477.16 Lognormal 
 160 137.02 –478.39 Weibull 

0.55 Scale-38.89 34.46 15.3 –600.8 Normal Weibull 
Shape-2.47 3.4 0.56 –617.02 Lognormal 

 34.5 14.88 –598.87 Weibull 

Table 3 Compressive strength (without admixture) 

Water-binder 
ratio (w/b) 

Weibull 
parameters 
(scale and 

shape) 

Mean 
value 

(N/mm2) 

Standard 
deviation 
(N/mm2) 

Log 
likelihood 

value 

Type of 
model 

Best fit 
model 

0.35 Scale-41.02 32.8 6.57 –22.61 Normal Lognormal 
Shape-5.85 3.63 0.15 –21.95 Lognormal 

 38 7.52 –23.35 Weibull 
0.4 Scale-44.93 41.03 10.2 –313.80 Normal Normal 

Shape-4.37 3.68 0.27 –318.47 Lognormal 
 40.94 10.59 –315.01 Weibull 

0.5 Scale-35.34 32.93 5.73 –192.57 Normal Lognormal 
Shape-6.13 3.47 0.17 –192.10 Lognormal 

 32.83 6.23 –194.69 Weibull 
0.55 Scale-28.47 28.47 7.62 –68.5 Normal Normal 

and 
Weibull Shape-7.62 3.3 0.3 –70.32 Lognormal 

 28.64 7.62 –68.5 Weibull 
0.6 Scale-26.47 23.96 8.35 –449.33 Normal Normal 

Shape-3.15 3.09 0.44 –469.19 Lognormal 
 23.92 8.30 –449.80 Weibull 
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9.2 3D model graphical explanations 

Further, considering the datasets obtained, an attempt has been made to represent all 
collected sets of catalogue in the form of 3D graphs depicted on the basis of w/b ratio 
(0.2–0.6), FA% replacement (0–100%) and curing ages (from 7–365 days) regarding 
compressive strength. All graphs and their respective rationalisation are given in  
Figures 10–29. 

Figure 10 Compressive strength in aspect of all w/b ratio and FA% for MFA concrete at seven 
days (see online version for colours) 
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From this graphical model (Figure 10), it has been seen that at all w/b ratios, with 
increasing the FA%, there is a general trend of decreasing of compressive strength at 
seven days. 

Figure 11 Compressive strength in aspect of all w/b ratio and FA% for MFA concrete at 28 days 
(see online version for colours) 
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From this graphical model (Figure 11), it has been seen that at all w/b ratio, with 
increasing the FA%, there is general trend of decreasing of compressive strength. 
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Figure 12 Compressive strength in aspect of all w/b ratio and FA% for MFA concrete at 56 days 
(see online version for colours) 
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From this graphical model (Figure 12), it has been seen that at w/b ratio 0.35 with 
increasing of FA%, represents decreasing of compressive strength, but at w/b ratio 0.5 
with increasing of FA%, no significant change observed, rather at 10% FA replacement it 
has been seen that compressive strength becomes slightly higher. 

Figure 13 Compressive strength in aspect of all w/b ratio and FA% for MFA concrete at 90 days 
(see online version for colours) 
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From this graphical model (Figure 13), it has been seen that except w/b 0.35, in all cases 
compressive strength becomes approximately equal/same at 90 days for all FA% and w/b 
ratios. Indeed, at w/b ratio 0.4 and 0.5, a high compressive strength observed for 20% and 
10% of FA replacement successively. Also, at w/b ratio 0.55, a slight increase of 
compressive strength found at 20% FA and thereafter remains same up to 40%. 

From this graphical model (Figure 14), it has been observed that at 0.35 w/b ratio, the 
compressive strength becomes higher for controlled concrete (FA, 0%) and there after 
strength gradually decreasing. At w/b ratio 0.4, it has been observed that at 20% FA 
replacement, strength exhibits higher, whereas at 30% replacement, strength becomes 
almost same with controlled concrete. Further at w/b ratio 0.55, there are no significant 
changes of strength. 
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Figure 14 Compressive strength in aspect of all w/b ratio and FA% for MFA concrete at 180 days 
(see online version for colours) 
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Figure 15 Compressive strength in aspect of all w/b ratio and FA% for MFA concrete at 365 days 
(see online version for colours) 
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Figure 16 Compressive strength in aspect of all w/b ratio and FA% for WOFA concrete at seven 
days (see online version for colours) 
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Similarly, from this graphical model (Figure 15), it has been observed that, at w/b ratio 
0.35, strength is higher for controlled concrete and there after strength becomes gradually 
decreasing up to 40%. However, at w/b ratio 0.4 with 20% FA replacement, strength 
exhibits higher and at 30% replacement, strength almost similar with controlled concrete. 

Similarly, from this graphical model (Figure 16), it has been seen that, strength 
decreasing gradually for all w/b ratio with increasing FA replacement percentages. 

Figure 17 Compressive strength in aspect of all w/b ratio and FA% for WOFA concrete at 28 
days (see online version for colours) 

w/b

FA%

Fck

0
20
40
60
80

60 60 0 15 20 25 30 0 15 20 25 30 0 20

0.3 0.35 0.4 0.5 0.55

 

From this graphical model (Figure 17) considering 28 days, it is seen that at w/b ratio 0.3, 
strength becomes higher than other strength. For all other w/b ratio, it is observed that 
with increasing FA percentages, strength gradually decreasing. 

Figure 18 Compressive strength in aspect of all w/b ratio and FA% for WOFA concrete at 90 
days (see online version for colours) 
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From this graphical model (Figure 18) considering 90 days, it is seen that at w/b ratio 0.4 
with 20% FA replacement, strength becomes higher and thereafter at 30% FA 
replacement, strength almost similar with controlled concrete. At w/b ratio 0.55, there is 
approximately same strength observed. 
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Figure 19 Compressive strength in aspect of all w/b ratio and FA% for WOFA concrete at 180 
days (see online version for colours) 
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From this graphical model (Figure 19) considering 180 days, it is seen that at w/b ratio 
0.4 with 20% FA replacement, strength is higher and thereafter at 30% FA replacement, 
strength is almost similar with controlled concrete. At w/b ratio 0.55, approximately same 
strength is being observed. 

Figure 20 Compressive strength in aspect of all w/b ratio and FA% for WOFA concrete at 180 
days (see online version for colours) 
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From this graphical model (Figure 20) considering 180 days, it is seen that at w/b ratio 
0.4 with 20% FA replacement strength becomes higher than others. 

Alternatively, considering WAFA concrete data, with the graphical model shown in 
(Figure 21), it is observed that in all cases with increasing of FA%, strength becomes 
gradually decreasing. But there is an exception that at w/b ratio 0.5 with 5% FA 
replacement, strength becomes higher than controlled concrete. 

Indeed, from this graphical model (Figure 22), it is observed that there is general 
trend of decreasing compressive strength with increasing FA%. But there are some 
exceptions that at 0.4 and 0.5 successively with 20% and 5% FA, higher strength noticed 
for 28 days curing. 
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Figure 21 Compressive strength in aspect of all w/b ratio and FA% for WAFA concrete at seven 
days (see online version for colours) 

w/b

FA%

Fck

0

20

40

60

80

100

0 10 20 40 0 20 0 5 10 20 50 75 10
0 0 20 40

0.35 0.4 0.5 0.55

 

Figure 22 Compressive strength in aspect of all w/b ratio and FA% for WAFA concrete at 28 
days (see online version for colours) 
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From this graphical model (Figure 23), it is observed that there is general trend of 
decreasing compressive strength with increasing FA%. But, there is some exception that 
at w/b ratio 0.5 with 10% FA replacement higher strength observed for 56 days curing. 

From this graphical model (Figure 24) considering 90 days, it is seen that in all 
maximum case, compressive strength decreasing with increasing of FA%. But, there are 
some exceptional case that at w/b ratio 0.4, 0.5 and 0.55, successively with 20%, 10% 
and 20% FA replacement, there are comparatively higher strength observed at 90 days 
curing compared to 28 and 56 days. 
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Figure 23 Compressive strength in aspect of all w/b ratio and FA% for WAFA concrete at 56 
days (see online version for colours) 
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Figure 24 Compressive strength in aspect of all w/b ratio and FA% for WAFA concrete at 90 
days (see online version for colours) 
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Figure 25 Compressive strength in aspect of all w/b ratio and FA% for WAFA concrete at 180 
days (see online version for colours) 
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From this graphical model (Figure 25) considering 180 days, it has been observed that 
there is general tendency of decreasing strength in all cases. But, there is exception that at 
w/b 0.4 with 20% FA, showing higher strength. 

Figure 26 Compressive strength in aspect of all w/b ratio and FA% for WAFA concrete at 365 
days (see online version for colours) 
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From this graphical model, generally it is noticed that there becomes a trend of 
decreasing strength. But, there is higher strength observed at w/b ratio 0.4 with 20% FA, 
than earlier strength found for 28, 56 and 90 days. 

Figure 27 Compressive strength in aspect of FA% and w/b ratio respectively for all days for 
MFA concrete (see online version for colours) 
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Considering all the datasets irrespective of ages has been drawn in graphical model 
shown in Figure 27, however, generally noticed that there is a trend of decreasing 
strength in maximum cases. The highest strength observed for at w/b ratio 0.3 with 60% 
FA, among all cases. However, higher strength observed at w/b ratio 0.4 with 20% FA, 
w/b ratio 0.5 with 10% FA with w/b ratio 0.6 with 15% FA. 

From this graphical model (Figure 28), generally it is noticed that there is a trend of 
decreasing strength in maximum case. The highest strength is observed at w/b ratio 0.3 
with 60% FA, among all cases. There is some exception that the higher strength observed 
at w/b with 20% FA and 30% FA and at w/b 0.6 with 15% FA. 
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Figure 28 Compressive strength in aspect of FA% and w/b ratio respective all days for WOFA 
concrete (see online version for colours) 
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Figure 29 Compressive strength in aspect of FA% and w/b ratio respective all days for WAFA 
concrete (see online version for colours) 
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From this graphical model (Figure 29), generally noticed that there is a trend of 
decreasing strength in all cases. The highest strength observed for at w/b ratio 0.35 with 
controlled concrete. It is observed in some exception that at w/b ratio 0.4 with 20% and 
50% replacements and likewise at w/b ratio 0.5 with 10% and 20% replacements, a 
higher compressive strength observed. However, from this study, it could be understood 
that, in general, FA, w/b ratio and admixture has a great influence on compressive 
strength on FA concrete, indeed of these parameters, the most influential parameter 
becomes the w/b ratio indicating at lower w/b ratio (i.e., 0.3) even with 60% FA 
replacement provides higher comprehensive strength (in case of MFA and WOFA) in FA 
concrete. However, in case of WAFA concrete, with 0.35 w/b ratio provides higher 
strength at 0% FA indicating limitation of using admixture in FA concrete production, 
reduces the application of FA. 
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10 Water-binder ratio 

Water-binder ratio is the most important parameter in the concrete mix design, as well as 
crucial for fresh and hardened concrete provides the mobility, consistency and forming 
homogeneous composition of products after chemical reaction or hydration among the 
ingredients present in the materials that develops strength in concrete. Generally, it has 
been noticed that with increasing of water-binder ratio, compressive strength 
exponentially decreased. There are many studies conducted experimentally regarding 
water-binder ratio that varies between 0.21–0.94 respectively (Vakhshouri and Nejadi, 
2016). Dinakar et al. (2013) showed that for the normal weight concrete with increasing 
w/b ratio, compressive strength decreases. However, based on the present study with the 
collected data from various studies reported by researchers, an attempt has been made to 
show some relationships about compressive strength vs. w/b relationship for normal 
weight FA concrete considering, with, without and mixed data (Figures 30, 31 and 32). It 
has been observed that the highest R2 value found for without admixture FA concrete and 
the lowest found with admixture FA concrete that representing the abrupt decrease of 
strength gaining in the mix obtained from population of data samples and intermediate 
values shows in mixed data of FA concrete. The best fitting is being found with the 
exponential distribution function representing the similar trends of decreasing, as w/b 
ratio goes on increasing that normally varies 0.3–0.6 or indicating higher w/b ratio 
reduces gaining lower strength. Alternatively, the reason for obtaining higher R2 in case 
of without admixture may be due to gradual increase of compressive strength with the 
w/b ratio whereas in presence of admixture reaction takes accelerated mode, however, 
abruptly decrease in presence of more water present in the mix/gel may isolate to 
participating in the chemical process and the resulting outcome reduces strength of 
concrete. 

Figure 30 Relationship between compressive strength vs. w/b ratio for mixed FA concrete  
(see online version for colours) 
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Figure 31 Relationship between compressive strength vs. w/b ratio for with admixture FA 
concrete (see online version for colours) 
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Figure 32 Relationship between compressive strength vs. w/b ratio for without admixture FA 
concrete (see online version for colours) 
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Moreover, Figures 30, 31 and 32, it has been shown that in every case with increasing 
w/b ratio, compressive strength decreasing in all cases. We have reviewed on FA 
concrete in three categories stated above and like to articulate that Figures 30, 31 and 32, 
the results validated by the figure of w/b ratio reported by Dinakar et al. (2013). From the 
Figures 30, 31 and 32 shown that, the regression becomes very high for without 
admixture FA concrete, slightly less for mixed FA concrete and lowest for with 
admixture FA concrete. However, with admixture FA concrete, decreasing compressive 
strength with w/b ratio exhibits successively lower than other two. Hence, we may say 
that there are beneficial effects of admixture on FA concrete for quick gaining strength at 
min w/b ratio where strength gaining becomes necessary in much faster way that may 
reduce even the stripping time. It was reported by Dinakar et al. (2013), to represent the 
general concept of relationship for compressive strength vs. w/b ratio of FA concrete in 
their work. However, in the present work, an attempt has been made to gain more 
insights/specific general characteristics classifying/categorising among the mixed FA 
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concrete, with admixture FA concrete and without admixture FA concrete. There is  
10–15% increment of strength due to metakaolin (MK) in early period as well as for long 
period too. This result found from both physical and chemical effects even after 
increasing of w/b ratio (Wild et al., 1996). There are high early strength of MK-rich 
ternary mixtures than FA-rich mixtures because, having the greater inertness of FA than 
MK which produces calcium silicate hydrate very fast during the hydration process 
(Siddique and Klaus, 2009). Depending on curing, metakaolin binary mixture develops 
greater compressive strength than normal concrete. However, the compressive strength 
also varies with the replacement % of binder and greatly showing the applicability of FA 
in concrete. 

11 Effects considering FA replacement percentage in compressive strength 
of concrete 

Siddique et al. (2012) has shown that with increasing of FA content, compressive 
strength decreasing gradually. It is observed that with increasing of ages compressive 
strength increasing. He has also shown that higher compressive strength observed in 
every FA% in aspect of days. In the present study investigated with the data in three 
different ways, considering all three classes. These all are shown in Figures 33, 34 and 
35, respectively. However, from Figures 33–35, initial compressive strength goes on 
decreasing with the increase of FA till 20% in case of mixed and without admixture FA 
concrete, however thereafter increases continuously. It has also been observed that 
strength gaining becomes almost two times at later ages for an every FA%. Therefore, 
initial strength could only be achieved through addition of admixture with FA concrete. 
However, it is has been found from this study that later age strength becomes much 
higher than even normal concrete, hence recommended for massive construction works 
such as foundation structures. This study provides a clear understanding about the utility 
of FA in concrete production process in a wide spread manner as one of the construction 
materials in industry along with it applicable ranges that would help while in mix design 
using FA as one of the ingredients in mix. 

Figure 33 Compressive strength vs. FA (%) in aspect of days in the form of mixed FA concrete 
(see online version for colours) 
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Figure 34 Compressive strength vs. FA (%) in aspect of days in the form of with admixture FA 
concrete (see online version for colours) 
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Figure 35 Compressive strength vs. FA (%) in aspect of days in the form of without admixture 
FA concrete (see online version for colours) 
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On the other hand, alternatively, from Figure 33, it is shown that initial strength becomes 
higher for 365 days curing than other days and near about 57–60 N/mm2. It is also seen 
that in every case higher curing days provides relatively higher strength than lower curing 
days. We have got values in aspect of various curing in days at 0%, 20% and 30% of FA 
replacement of concrete. Further, it is observed that in all cases except for 365 days, 
strength getting decreased specifically at 20% FA replacement and thereafter the strength 
decreased at 30% FA replacement for all days except 7 and 90 days of curing. 

Again from Figure 34, it is shown that initial strength is higher for 365 days curing 
than other days and it becomes near about 57–60 N/mm2. It conveys that in every case, 
higher days provides relatively higher strength than lower curing days. We have got 
values in aspect of various curing days at 0%, 20% and 30% of FA replacements of 
concrete. It is observed that in all cases, strength increased at 20% FA replacement except 
seven days strength and thereafter strength decreased suddenly at 30% FA replacement 
for all days except 7 and 90 days. However, from Figure 35, it is shown that initial 
strength becomes higher for 365 days curing than other days and about 48–50 N/mm2. It 
represents that in every case, higher days would give relatively higher strength than the 
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low curing days. We have got values in aspect of various curing days at 0%, 20% and 
30% of FA replacement of concrete. It is observed that in all cases at 20% FA 
replacement, strength decreased and again at 30% replacement strength increased for all 
days except 56 days. 

In general, there is reducing of compressive strength due to addition of FA at an early 
age. Indeed, at FA 20%, highest strength found, this may be due to increasing of products 
of pozzolanic reaction after curing along long time (Golewski, 2018a, 2018b). Further, it 
has been found that the compressive strength becomes increased till by 20% replacement 
of FA and decreased gradually thereafter. At 365 days by 20% FA replacement optimum 
strength is found. The reason of increment of strength is that the more reaction between 
alkalis and OPC. There are also CASH and C-SH found as an additional product during 
hydration which remain in additional period with NASH. The polymerisation produces 
more heat because of hydration reaction. Hardening acceleration and dissolution due to 
more sites of nucleation occurred by additional calcium. There is no remarkable 
increment of strength after seven days. The trend of increasing compressive strength 
occurred about at by 20–30% FA replacement (Mehta and Siddique, 2017). It is noticed 
that for high range of compressive strength gained at by replacement of 20% FA due to 
higher percentage of SiO2 content (61.4%) which increases pozzolanic reaction in  
long-term. The compressive strength found higher at 20% FA replacement with 10% free 
lime admixture at early age. At later age mixture with 20% FA replacement gives higher 
strength than 20% FA replacement mixture with added of free lime including percentages 
of 5%, 7% and 10%. The main reason of increasing the compressive strength due to 
inclusion of free lime content, (FA and calcium hydroxide reacted with each other) at an 
early ages. Calcium increases the smoothness of the FA (Somna and Bumrongjaroen, 
2011). The CSH gel form by calcium oxide and free lime (Yip et al., 2005; Alonso and 
Palomo, 2001; Kumar et al., 2010). The early strength gained by free lime component 
(Nawaz et al., 2016). Free lime particles are easily accessible and go through quick 
hydration. For initial function of FA, there are requirements of appropriate amount of free 
lime which gives much more strength (Tsimas and Moutsatsou-Tsima, 2005). Saha 
(2017) reported that quick strength gained by 20% FA replacement in presence of 
admixture. The Christy and Tensing (2010) presented that a higher strength found of FA 
concrete containing 20% FA replacement instead of fine aggregate than controlled 
concrete. 

12 Effects of age on FA concrete with various FA fraction 

From Figures 36, 37 and 38, it has been seen that the regression value becomes highest 
for ‘without admixture’ concrete and the lowest for ‘with admixture’ concrete. Also 
observed that the initial strength shown highest for ‘with admixture concrete’ and lowest 
for ‘without admixture concrete’. For both cases, mixed concrete becomes in medium 
state. Golewski (2018a, 2018b) has reported that increasing of strength is occurred 
between 7 to 28 days with admixture FA concrete and it continued approximately up to 
90 days. It happened for the sharp increment of pozzolanic reaction materials after long 
periods. Nawaz et al. (2016) described that strength of FA found higher than controlled 
concrete for 91 days. They have also reported that comparatively higher strength 
observed for ‘with admixture’ FA concrete. Saha (2017) presented that at earlier ages 
comparatively higher strength observed from 7 to 28 days, thereafter up to one year, there 
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is no significant changes. Again, there is lower compressive strength due to addition of 
FA at earlier ages for less content of lime. It is also observed that gaining of strength 
becomes quick from 7–90 days curing due to 20% FA replacement and thereafter up to 
30–40% of FA, gaining of more strength due to for 7–180 days. Moreover, there are 
gaining about 80–90% strength similar to normal concrete. Khodair and Bommareddy 
(2017) has reported that FA concrete gives lower strength at earlier ages than slag cement 
concrete. Liao et al. (2017) has presented that the increment of strength of with admixture 
FA concrete becomes very limited after 90 days. It is occurred due to completion of 
reaction of FA and MKPC between 90 days. Christy and Tensing (2010) has reported that 
at early age FA concrete develops higher strength than normal concrete when various 
type of cement mortar ratio used. 

Figure 36 Relation between compressive strength vs. age (days) for mixed concrete  
(see online version for colours) 
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Figure 37 Relation between compressive strength vs. age (days) for with admixture concrete  
(see online version for colours) 
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Tkaczewska (2014) has presented that pozzolanic reaction underway due to the 
suspension of glassy layer on the outside part of FA. There is also increment of strength 
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at initial periods due to inclusion of such type of FA which increases the rate of C3A 
production. Suryavanshi et al. (1996) have presented that strength development occurred 
due to high producing rate of C3A produced by inclusion of high content of silicon oxide. 
Zhao et al. (2015) described that C-S-H gel formed for the more hydration materials due 
to high temperatures which increases compressive strength from 7 to 28 days. 

Figure 38 Relation between compressive strength vs. age (day) for without admixture concrete 
(see online version for colours) 
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13 Results and discussion 

In this study, an attempt has been made to examine the relationship between compressive 
strength vs. water-binder ratio in the mixed, with admixture and without admixture form 
after extracting data/information from various papers published. The objective is to 
obtain comprehensive characteristics for its wide engineering application. However, to 
analyse more specific conception about the FA concrete, the authors have segregated the 
data such as mixed FA concrete, with admixture FA concrete and without admixture FA 
concrete. There is 10–15% increment observed, of strength due to in presence of 
metakaolin in early period as well as also for long period. This result was also found from 
both physical and chemical effects even after increasing of w/b ratio. There is high early 
strength of MK-rich ternary mixtures than FA-rich mixtures having the greater inertness 
of FA than MK which produces calcium silicate hydrate fast during the hydration 
process. Indeed, depending on curing, metakaolin binary mixture provides greater 
compressive strength than normal concrete, therefore, it is seen that proposed regression 
equation extracted from the data shows lower value for ‘with admixture FA concrete’ 
while comparing with the mixed and without admixture FA concrete. Among all 
admixture, and metakaolin has great impact on compressive strength in respect of  
water-binder ratio, observed from the limited study. 

Further, in relation of compressive strength vs. FA replacement level in aspect of 
days for mixed FA concrete, it is noticed that initial strength becomes higher for 365 days 
curing than other days and near about 57–60 N/mm2. It is also seen that in every case 
higher curing days give relatively higher strength than lower curing days. We have 
obtained values in aspect of various curing days at 0%, 20% and 30% of FA replacement 
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of concrete and observed that in all case except for 365 days, strength decreased at 20% 
FA replacement and thereafter strength decreased at 30% FA replacement for all days 
except 7 and 90 days of curing. For the same relation observed with admixture FA 
concrete, and found that initial strength getting higher for 365 days curing than other days 
and it is near about 57–60 N/mm2. It express that in every case higher days would give 
relatively higher strength than lower curing days. 

Again, for the same relation observed without admixture FA concrete, it is shown that 
initial strength becomes higher for 365 days curing than 28, 90, 180 days and near about 
48–50 N/mm2. It represents that in every case higher days give relatively higher strength 
than the low curing days. Authors extracted data in aspect of various curing days at 0%, 
20% and 30% of FA replacement of concrete. It is observed that in all cases at 20% FA 
replacement, strength decreased and at 30% replacement, strength increased again for all 
days except 56 days. 

Further, there is reducing of compressive strength due to addition of FA at an early 
age. At FA 20%, there is highest strength at FA-20 for increasing of products of 
pozzolanic reaction after curing for long time. It has been found that the compressive 
strength increased till by 20% replacement of FA and it is decreased gradually 
afterwards. At 365 days by 20% FA replacement, optimum strength is found, the reason 
of increment of strength is that the more reaction between alkalis and OPC. There are 
also CASH and C-SH found as an additional product during hydration which remain in 
additional period with NASH. The polymerisation produces more heat because of 
hydration reaction. Hardening acceleration and dissolution due to more sites of nucleation 
was occurred by additional calcium. There is no remarkable increment of strength after 
seven days. The trend of increasing compressive strength is of about at by 20–30% FA 
replacement. It is observed that for high compressive strength is gained at by replacement 
of 20% FA due to higher percentage of SiO2 content (61.4%) which increases pozzolanic 
reaction in long-term. The compressive strength is higher at 20% FA replacement with 
10% free lime admixture than 20% FA replacement mixture at early age. At later age 
mixture with 20% FA replacement gives higher strength than 20% FA replacement 
mixture with added of free lime including percentages of 5%, 7% and 10% respectively. 
The main reason of increasing the compressive strength due to inclusion of free lime 
content essentially due to FA and calcium hydroxide reacted with each other at an early 
age. Calcium increases the smoothness of the FA. However, CSH gel was formed by 
calcium oxide and free lime. Free lime particles are easily accessible and go through 
quick hydration. For initial function of FA, there are requirements of appropriate amount 
of free lime which gives more strength. It has been found that quick strength gained by 
20% FA replacement in presence of admixture. It is observed that a higher strength of FA 
concrete achieved containing 20% FA replacement instead of fine aggregate than 
controlled concrete. 

Consequently, it is noticed that among all admixture, free lime has high influence on 
FA concrete at 20% FA replacement to gain higher strength observed from the limited 
study. From the study, approximately it is seen that with 30% FA replacement, concrete 
gives highest strength for ‘without as well as with admixture’ FA concrete from the 
limited study. 

For relation between compressive strength with age, it has been noticed that 
regression becomes highest for without admixture FA concrete and lowest for with 
admixture FA concrete. The initial compressive strength value becomes highest ‘with 
admixture’ FA concrete and lowest for ‘without admixture’ FA concrete. It has been 
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noticed that increasing of strength occurred between 7 to 28 days with admixture FA 
concrete and it continued approximately up to 90 days. The strength of FA concrete is 
higher than controlled concrete for 91 days. It is reported that comparatively higher 
strength observed with admixture FA concrete than without admixture FA concrete. It is 
seen that at earlier ages comparatively higher strength observed from 7 to 28 days up to 
one year, thereafter no significant changes. Again, there is lower compressive strength 
due to addition of FA at earlier ages for less content of lime, it is also observed that 
gaining of strength attain quickly from 7–90 days curing due to 20% FA replacement and 
afterwards up to 30–40% of FA. Indeed there is gaining of more strength up to 7–180 
days. There are gaining about 80–90% strength of normal concrete. It has been reported 
that FA concrete gives lower strength at early ages than slag cement concrete. It has been 
presented that the increment of strength with admixture FA concrete becomes limited 
after 90 days. It is occurred due to completion of reaction of FA and MKPC between 90 
days. It has been seen that at early age FA concrete gives higher strength than normal 
concrete when various type of cement mortar ratio has been used. 

It is reported that the pozzolanic reaction between calcium hydroxide and FA leads to 
increases the compressive strength at later ages for FA concrete, however seen that 
pozzolanic reaction started due to the suspension of glassy layer on the outside part of 
FA. It has reported that FA provides higher compressive strength than cement due to high 
content of silicon oxide. There is also increment of strength at initial periods due to 
inclusion of such type of FA which increases the rate of C3A production. It has been 
presented that strength development occurred due to high rate of C3A produced by 
inclusion of high content of silicon oxide. It has been described that C-S-H gel formed for 
the more hydration materials due to high temperatures which increases compressive 
strength from 7 to 28 days. It has been observed that with admixture FA concrete, initial 
strength gaining for 7–28 days and this strength gaining becomes limited up to 90 days, 
thereafter, strength gaining more or less becomes same and initial strength becomes 
higher. For without admixture FA concrete, initial strength gaining exhibits lower than 
with admixture FA concrete and strength increasing at later ages approximately up to 365 
days which examined by this study. This study would provide the overall general 
engineering characteristics of various FA%, w/b ratio and effects of admixture on FA 
concrete. 
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