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Effect of Excess Dosage of Superplasticizer on the Properties of the 1 

highly Sustainable High Volume Fly Ash Concrete  2 
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Abstract 3 

It is quite common for researchers to use excess dosage of superplasticizer to achieve the 4 

desired very low water/binder ratio required for sustainable high volume fly ash (HVFA) 5 

concrete mixes in order to obtain early strength without reporting on the effects of the excess 6 

dosage. This study investigated the effects of such excess dosage on the highly sustainable 7 

HVFA concrete properties.  Four series of concrete mixes were designed. Series 0 being the 8 

control concrete mix containing no fly ash and no superplasticizer. Series 50, 60 and 65 9 

contained HVFA concrete mixes that had 50%, 60% and 65% fly ash content respectively. 10 

Each of series 50, 60 and 65 contained three similar mixes. In each series, the three mixes 11 

were prepared with maximum dosage of superplasticizer at 2% of binder by mass, and 12 

excess dosages at 3% and 4% respectively. The effect of the excess doses on slump, 13 

flowability, compressive strength, flexural strength, tensile splitting strength, and abrasion 14 

resistance were investigated. Results showed that excess dosage of superplasticizer helped 15 

to achieve increased workability, caused a decrease in abrasion resistance and had no 16 

decisive effect, good or bad, on the compressive, flexural and tensile splitting strengths of 17 

HVFA concrete mixes. Increase in fly ash content in HVFA concrete mixes resulted in 18 

reduced overall flexural strength, tensile splitting strength and abrasion resistance. Not using 19 

a very low w/b ratio, which can be achieved by using excess dose of superplasticizer, will 20 

make HVFA concrete mixes struggle to meet the minimum required compressive, flexural 21 

and tensile splitting strengths of various standards. It is concluded that although HVFA 22 

concrete, which is normally prepared with high dosage of superplasticizer, is highly 23 

sustainable, it is not the best for applications like industrial floors where wear/abrasion 24 

resistance is of vital importance. 25 

 26 

Keywords 27 

Concrete; Fly ash; Superplasticizer dosage; Compressive strength; Abrasion resistance; 28 

Sustainability; Flexural strength; tensile splitting strength.  29 

 30 

 31 

 32 

1.0 Introduction 33 

One of the unsustainable features of concrete is the cement production process which is 34 

responsible for approximately 5% of the global anthropogenic CO2 emissions (Humphreys 35 

and Mahasenan, 2002) hence the efforts to reduce cement content in concrete. The 36 
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concrete properties enhancement, including its sustainability, brought about by the partial 37 

replacement of cement with fly ash is well known and documented in the civil engineering 38 

materials world. Fly ash concrete’s contribution to the reduction in fly ash as land fill waste 39 

and the cutback on consumption of cement, whose production process is energy intensive 40 

and causes depletion of natural resources, makes it a sustainable material on multiple fronts. 41 

The unprecedented and unsustainable colossal amount of fly ash generated by coal plants 42 

however initiated calls for substantial increase in use of fly ash in cement related products. 43 

The consequence of this was the emergence of various studies on using large proportion of 44 

fly ash to replace cement in concrete to produce a highly sustainable concrete (Giaccio and 45 

Malhotra, 1988; McDonald, 1994; Atis, 2003; Sukumar, et al., 2008; Şahmaran and Li, 2009; 46 

Papayianni and Anastasiou, 2010; and more); a study area, or material, now popularly 47 

known as high volume fly ash (HVFA) concrete.  48 

Following pioneering studies on the highly sustainable HVFA concrete by Malhotra and 49 

others (Malhotra, 1989; Malhotra and Painter, 1989; Langley et al., 1989; Alasali and 50 

Malhotra, 1991), and subsequent studies in the area, HVFA concrete was defined in terms of 51 

proportion of constituent materials. It was defined as concrete with not less than 50% fly ash 52 

replacement of cement by mass; with water content of not more than 130 kg/m3 or 0.3 53 

water:binder (i.e. cement and fly ash) ratio; with cement content of not more than 200 kg/m3; 54 

and the compulsory use of a high-range water-reducing admixture (superplasticizer) among 55 

other requirements (Malhotra and Mehta, 2002). Malhotra and Mehta (2002) however also 56 

noted that anything from 30% fly ash replacement in concrete can be considered as high. 57 

The furtherance in HVFA concrete research was going to help reduce the unsustainable 58 

dumping of fly ash. 59 

Although fly ash, when used in moderate proportion (i.e. 15% to 20%) as cement 60 

replacement, improves rheological properties of concrete (Malhotra and Mehta 2002), HVFA 61 

concrete needs superplasticizer for two reasons: (i) fly ash loses its ability to improve 62 

rheological properties of concrete when used in large proportions (ii) fly ash slows down the 63 

hydration reaction of concrete hence HVFA concrete has a very low rate of early strength 64 

gain and thus needs as little as possible mixing water to mitigate this effect. This means 65 

superplasticizer plays a key role in producing the highly sustainable HVFA mixes if they are 66 

to be practically useful. Majority of studies involving large proportion of fly ash in concrete 67 

have consequently employed superplasticizer to reduce the water:binder (w/b) ratio in their 68 

mixes (Naik et al.,1996; Atis, 2003; Siddique, 2004; Duran-Herrera et al., 2011; Huang et al., 69 

2013; Kayali and Ahmed, 2013; Toledano-Prados et al., 2013; among others), successfully 70 

producing mixes with good workability and practically acceptable early strength. This is why 71 

Aitcin and Mindess (2011, p.138) wrote that superplasticizer’s “appropriate use increase 72 

concrete’s sustainability”. In fact, superplasticizer is regarded as an essential if highly 73 



4 
 

sustainable concrete is to be achieved (Aitcin and Mindess 2011; Bakash and Reddy, 2013; 74 

Santhanam, 2013). 75 

The concern with some of the HVFA studies however is that in order to achieve good 76 

rheology with extraordinarily low water:binder (w/b) ratios below the order of 0.3 and 77 

sometimes as critically low as 0.13 (e.g. Yazıcı, 2007), so as to produce highly sustainable 78 

HVFA concrete with superior strength properties, excess dosage of superplasticizer is used; 79 

an act that has been noticed since the early stages of the HVFA concrete research 80 

(Ramachandran, 1979). Many studies (Poon et al., 2000; Aydın, et al., 2007; Yazıcı, 2007; 81 

Dinakar et al., 2008; Felekoğlu and Sarıkahya, 2008; Chen et al., 2013) have used liquid 82 

superplasticizer dosages of between 3% and over 5% of cement by mass despite the normal 83 

dosage range being between 0.5% and 2.5% [considering that superplasticizers have similar 84 

density to water as shown in Mardani-Aghabaglou et al’s (2013) work] according to The 85 

Concrete Institute (2013). This depicts that more than double the recommended dose is 86 

sometimes used to achieve practically useful highly sustainable HVFA concrete. Despite 87 

claims that excess dosage of superplasticizer may have negative effects on HVFA concrete 88 

(Ramachandran, 1979), no study has investigated such effect; especially on the set and 89 

hardened concrete properties. Studies have rather concentrated on the effect of different 90 

types of superplasticizers on HVFA concrete (Toledano-Prados, 2013; Tkaczewska, 2014). 91 

On another front, superplasticizers are quite expensive (Malhotra, 1978) hence excessive 92 

use might be infeasible and/or unsustainable in real projects, especially if the gains are 93 

minimal and/or losses are many.  94 

This study thus investigates the effect of excess dosage of superplasticizer on the highly 95 

sustainable HVFA concrete so that excess dosage can be confidently employed or avoided 96 

when necessary. This will increase the understanding of superplasticized HVFA concrete 97 

and ensure they are not used in the wrong situations simply because they are more 98 

sustainable Low-calcium fly ash was used in the proportions of 50%, 60% and 65% of the 99 

total mass of cementitious materials to prepare HVFA concrete mixes. The maximum 100 

dosage of superplasticizer and excess dosages were used in different mixes. The effect of 101 

this on slump, flowability, compressive strength, flexural strength, tensile splitting strength, 102 

and abrasion resistance were investigated. 103 

2.0 Experimental Approach 104 

2.1 Concrete Constituent 105 

The cement employed for the experiment was a commercially available Ordinary Portland 106 

Cement strength class 42.5 conforming with CEM I 42.5N (Portland cement) of BS EN 197-107 

1:2011 standard (Table 1). The fly ash used was commercially available low lime fly ash 108 
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conforming to BS EN 450–1:2012 standard, class N (Table 1). Graded crushed limestone 109 

with maximum particle size of 16 mm was used as coarse aggregate (Table 2) conforming to 110 

BS EN 12620:2013 standard. Locally available dry sand with maximum particle size of 5 mm 111 

was used as fine aggregate (Table 2) conforming to BS EN 12620:2013 standard. The water 112 

absorption and specific gravity tests for the aggregates were carried out according to BS EN 113 

1097-6:2013 standard. A commercially available liquid superplasticizer which conforms to 114 

BS EN 934-2:2009+A1:2012 was used. 115 

 116 

Table 1: Properties of cement and fly ash used. 117 

Table 2: Properties of aggregates used. 118 

 119 

2.2  Concrete Mixture Proportion 120 

The main constituents of the HVFA concrete  mixes include cement, fly ash, coarse 121 

aggregate, fine aggregate, water and superplasticizer. The mix proportions were determine 122 

based on Malhotra (2002). Four series of concrete mixes were designed with one standing 123 

as a form of control series. The control series comprised of only one mix type, is designated 124 

series 0, was prepared with only cement as binder and without any superplasticizer. The 125 

second series comprised of three mixes of HVFA concrete each containing 50% fly ash as 126 

cement replacement and is designated series 50. The mixes were prepared with fixed 127 

powder dosage (cement + fly ash ), sand/coarse aggregate and w/b ratios. For 128 

superlasticizer dosage, the maximum dosage of superplasticizer (i.e. 2.0% of binder by 129 

mass) was used for one mix, while the two other mixes were prepared with 1.5 times (i.e. 130 

3%) and twice (i.e. 4%) the maximum dosage of superplasticizer respectively. Series 60 and 131 

65 similarly comprised of three mixes each, with mixes in the series containing 60% and 132 

65% fly ash respectively. The three mixes in each series contained maximum dosage, 1.5 133 

times and twice the maximum dosage of superplasticizer respectively.  134 

Although effort was made to keep the w/b ratio constant for series 50, 60 and 65, this was 135 

not possible as the mixes with higher fly ash content required more water at maximum 136 

dosage of superplasticizer to achieve acceptable visual workability. Water content was 137 

however successfully kept constant across all series 60 and 65 mixes (see Table 3). 138 

The prescribed maximum superplasticizer dosage was approximately 2% of cement by mass 139 

but as done generally in HVFA concrete studies, this was taken to be 2% of binder (cement 140 

+ fly ash) by mass. The control series was named CG0 (i.e. control group with 0% 141 

superplasticizer and fly ash). In series 50, a mix type named MD2.0F50 will have MD2.0 142 

representing maximum dosage of superplasticizer at 2.0% of binder by mass, and F50 143 
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representing the percentage of fly ash content in the binder. In series 60, a mix named 144 

ED3.0F60 will have ED3.0 representing excess dosage of superplasticizer at 3.0% of binder 145 

by mass and F60 representing the percentage of fly ash content in the binder. The details of 146 

the concrete mixtures are presented in Table 3. 147 

One controversial aspect of research on effect of superplasticizer on HVFA concrete is the 148 

pattern of spread of w/b ratio across the mix samples. Although the aim of study should be 149 

the main deciding factor, comparable studies in the past have used different concepts. Some 150 

studies (e.g. Al-Amoudi et al. 2006; Mardani-Aghabaglou et al 2013; Tkaczewska, 2014) 151 

investigated the effect of different types of superplasticizer and rightly kept a constant w/b 152 

ratio across all mixes while each type of superplasticizer was applied to the mixes using a 153 

dosage that resulted in a set target slump. However Toledano-Prados et al., (2013) 154 

performed similar experiments using constant w/b ratio and superplasticizer dosage, leaving 155 

the mixes to have real varying slumps. 156 

Studies that are more similar to this study, i.e. that have used a single type of 157 

superplasticizer to check the effect of properties of superplasticizer on properties of concrete 158 

have not been consistent either. Some studies (e.g. Felekoğlu and Sarıkahya, 2008; El-159 

Didamony et al. 2012; Bouharoun, et al 2013; Tkaczewska, 2014) have tried to consider the 160 

real life situation where a target slump is set, and superplasticizer is only increased in order 161 

to reduce water content, hence they reduced w/b ratio of mixes as they increased 162 

superplasticizer dosage. The idea is to is to give their experiment more practical value. 163 

However, this process makes it hard to know the real effect of the superplasticizer as the 164 

varied w/b ratio will also have effect on the results.  Morin et al. (2001) performed a similar 165 

experiment. They used constant w/b ratio an varied only the superplasticizer content. This 166 

ensured that the real effect of the superplasticizer of the concrete was gotten. This is 167 

considered to be very experimental but it actually achieves the aim of the study better hence 168 

its adoption (i.e. constant w/b ratio for mixes with the same fly ash content and varying 169 

superplasticizer dosage)  in this study (see Table 3). 170 

 171 

Table 3: Proportion of concrete constituents present in the mixes. 172 

 173 

2.3 Preparation and Casting of Specimen 174 

Concrete mixing and production was done according to BS EN 206:2013. A laboratory mixer 175 

was employed for mixing. A target slump of between 50 mm and 90 mm with a maximum 176 

allowable deviation of +30 mm was set for all mixes as stipulated in BS EN 12350-2:2009 177 

and several trial mixes were completed. During actual sample production, an initial w/b ratio 178 



7 
 

of 0.2 was used to start mixing. After a short period of about three minutes, superplasticizer 179 

mixed with ‘0.03 w/b ratio’ quantity of water was added, bringing total w/b ratio to 0.23. This 180 

timing and mixing with water ensured the superplasticizer had an optimal effect on the mixes 181 

(Chiocchio and Paolini, 1985; Malier, 1992; Fisher, 1994; Tkaczewska, 2014). With 182 

knowledge from trial mixes, extra water was added until a visual inspection revealed 183 

acceptable workability. This process was done for the mixes containing maximum dosage of 184 

superplasticizer only. The w/b ratio achieved for a mix with maximum superplasticizer 185 

dosage was simply repeated for the two remaining mixes in the same series (i.e. mixes with 186 

excess dosage of superplasticizer) to allow a fair assessment of the effect of superplasticizer 187 

dosage.  188 

Concrete specimens of 100 mm diameter by 200 mm height were cast for the compressive 189 

strength test. Square beams of 100 mm x 100 mm x 350 mm length were produced for 190 

flexural strength, cylindrical specimen of 150 mm diameter and 300 mm length for tensile 191 

splitting strength and 500 mm x 500 mm x 50 mm specimens for abrasion test. Three 192 

specimens were produced for each testing age. All specimens were demoulded after 48 193 

hours and placed in a temperature regulated curing room at 250C. 194 

2.4 Fresh Concrete Tests 195 

To determine the workability and consistency of the mixes, slump test to BS EN12350-196 

2:2009 was carried out on each of the mixes and the results recorded. Also, flow table test to 197 

BS EN12350-5:2009 was carried out on each of the mixes and the results recorded. 198 

2.5 Hardened Concrete Tests 199 

The compressive strength of the 100 mm diameter by 200 mm height cylindrical specimen 200 

was determined according to BS EN12390-3:2000 using a ‘Controls’ compressive strength 201 

machine. The load was applied slowly at a rate of 0.2 to 0.4 N/mm2.  The flexural strength 202 

test was performed on the 100 mm x 100 mm x 350 mm square beams in accordance with 203 

BS EN 12390-5:2009 while tensile splitting strength test was performed on the 150 mm 204 

diameter by 300 mm length cylindrical specimen in accordance with BS EN 12390-6:2009. 205 

The abrasion resistance test was performed on the 500 mm x 500 mm x 50 mm specimens 206 

in accordance with BS EN 13892-4:2002 and BS EN 13892-1:2002. 207 

3.0 Experimental Results And Discussion 208 

3.1 Fresh Concrete Properties 209 

The results of the fresh concrete tests are given in Table 4. The specified upper limit of 0.3 210 

w/b ratio for HVFA concrete according to Malhotra and Mehta (2002)  was not achieved with 211 
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the prescribed maximum dosage of superplasticizer. This clearly explains why many studies 212 

end up using excess dosage. This might also be due to the type of superplasticizer being 213 

used as some studies have successfully achieved very low w/b ratio with not too much 214 

superplasticizer dosage (e.g. Huang et al., 2013; Kayali and Ahmed, 2013). Tables 3 and 4 215 

clearly show a reduction in slump value for mixes with higher content of fly ash despite such 216 

mixes having equal or higher water/binder ratio. This means increase in fly ash content in 217 

HVFA concrete mixes results in increase in water demand as confirmed in many previous 218 

studies (Malhotra 2002; Malhotra and Mehta, 2002; Mehta, 2004). Hence the concept of 219 

having the highest slump value for the HVFA concrete mix with the highest percentage of fly 220 

ash content (75%) when w/b ratio and superplasticizer dosage were kept constant across 221 

some HVFA concrete mixes, as shown in some studies (e.g. Duran-Herrera et al., 2011;  222 

Balakrishnan and Awal, 2014), is to an extent incomprehensible to the authors of this study.  223 

 224 

Table 4: Fresh concrete tests results. 225 

 226 

In a similar case in Huang et al’s. (2013) work where superplasticizer dose was kept 227 

constant across mixes and a HVFA concrete mix with higher fly ash content achieved a 228 

relatively lower w/b ratio and higher slump, the contentious mix contained a relatively lower 229 

fine aggregate content with a reduction of about 60%; this reduction at least leaves the 230 

chance for speculation as probably being the reason behind the achievement.  231 

It appears from the results that using excess dosage of superplasticizer helps to reduce the 232 

water demand of the mixes further than the prescribed maximum dosage, depicting that 233 

excess dose does not have a negative effect on water demand of HVFA concrete mixes. 234 

Nevertheless, the slump and flow table test results make it appear that the superplasticizing 235 

effect per volume of superplasticizer reduces as the dosage gets more excessive. However, 236 

it is very hard to estimate the proportionality of reduction of the superplasticizing effect to 237 

excessiveness of dosage from the results since reduction in slump and/or flow table values 238 

against increase in superplasticizer dose are not uniform across series 50, 60 and 65 mixes. 239 

This makes it hard to identify the probable ‘break point’ dosage at which the 240 

superplasticizing effect starts diminishing. Another point is that liquid superplasticizers have 241 

a certain percentage of water content, whose effect is generally neglected in most studies, 242 

thus a large increase in dosage can effectively result in increased w/b ratio. For example, 243 

Poon et al. (2000) reported the superplasticizer used in their research to contain a water 244 

content of 61.5%, this means a superplasticizer excess dose of 4% of binder or 4 litres per 245 

100 kg of binder can result in as much as over 2 litres or kg of water per 100 kg of binder, or 246 

over 8 kg/m3 of water where 400 kg/m3 of binder is used. Hence the modest 247 
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superplasticizing effect applicable at excess dosage might even be as a result of increased 248 

w/b ratio rather than any chemical action/reaction. 249 

Although the target slumps set for the mixes were achieved as a result of experience from 250 

trial mixes, it was not achieved with the required water/binder ratio of 0.3 or less. The target 251 

range with a  minimum target of 50 mm was selected so as to allow the use of as small 252 

amount of water as possible for the purpose of improving mechanical properties. The flow 253 

table test also gave satisfactory results. The pattern differences in mixes flows are similar in 254 

proportions to the slump test results. 255 

Like in other studies (Huang et al., 2013; Kayali and Ahmed, 2013), the results show that 256 

increase in fly ash content causes a slight reduction in unit weight when mixes with the same 257 

superplasticizer content of 3% or 4% are compared across the three series of HVFA 258 

concrete mixes. The fact that series 0 mix has a higher unit weight than all the fly ash 259 

concrete mixes confirms the reduction of density due to presence of fly ash. However, there 260 

seem to be ambiguity in unit weight results when mixes with 2% superplasticizer content are 261 

compared across series 50, 60 and 65 as no clear trend can be deciphered. The initial 262 

claims can thus not be absolutely made. Nonetheless, it makes sense for the weight of 263 

mixes to reduce with increment in fly ash content since batching was done by weight and 264 

cement has a higher density than fly ash (Sear, 2001). The increase in unit weight due to 265 

increase in superplasticizer dosage when comparing mixes in the same series is expected 266 

since all other constituent materials’s weights were kept constant.  267 

3.2 Compressive strength 268 

The compressive strength test was carried out on the specimens at the ages of 7, 28, 52, 91 269 

and 365 days. The results are presented in Table 5 and Figures 1 and 2. Clearly, the 270 

compressive strength of all mixes increased with age (Figures 1 and 2). Each chart in Figure 271 

1 compares the compressive strength of mixes with the same dosage of superplasticizer but 272 

different percentage of fly ash content (note that series 60 and 65 mixes have the same w/b 273 

ratio), and the CG0 control mix.  274 

 275 

Table 5: Results of the compressive strength test (MPa) of all mixes at various ages. 276 

 277 

As expected, the plain cement control mix i.e CG0 gained over 90% of its one year strength 278 

after 28 days. Although hydration of cement continued beyond 28 days, it was at a minimal 279 

rate leading to only very slight increase in strength over time (Figure 1). The HVFA mixes 280 

strangely followed a similar trend to that of CG0 mixes with no significant gain in strength in 281 
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the later days. This is not too surprising since this study’s necessary experimental 282 

requirement, which is to keep the w/b ratio constant  across mixes with the same percentage 283 

of fly ash content and meet a certain target slump, led to what can be referred to as excess 284 

w/b ratio for HVFA concrete. The maximum w/b ratio required to achieve good strength in 285 

HVFA concrete mixes is 0.3 according to Malhotra and Mehta (2002). Many studies have 286 

even had to use smaller w/b ratio to achieve good strength for HVFA mixes (e.g. Poon et al., 287 

2000; Aydın et al., 2007; Yazıcı, 2007; among others).  288 

 289 

Figure 1: Compressive strength versus age of mixes with the same superplasticizer 290 

percentage. 291 

Figure 2: Compressive strength versus age of mixes with equal percentage of fly ash 292 

content. 293 

 294 

It is clear from the charts (Figure 1) that increase in fly ash content causes relatively reduced 295 

early strength. This is because only the cement content goes through the hydration reaction 296 

at the early stage while the fly ash remains inactive. Virtually all the early strength could be 297 

attributed to only the cement content in the mix.  It can however be noticed that the the 298 

activation of fly ash had started before one year (between 91 and 365 days) since mixes with 299 

more fly ash have a higher strength at this age. The fly ash activation in, and strength gain 300 

of, the HVFA concrete mixes will continue beyond the 365 days limit used in this study and 301 

the mixes ‘might’ end up gaining more strength than the CG0 mixes. However, as previously 302 

noted, the ultimate solution is to use a very small water/binder ratio if HVFA concrete is to be 303 

of good early and overall strength (Malhotra, 1978; Poon et al, 2000; Malhotra 2002; 304 

Malhotra and Mehta, 2002; Mehta, 2004; Duran-Herrera et al., 2011; Balakrishnan and Awal 305 

2014; and more). It is only with enough early and better overall strength that contractors can 306 

be easily persuaded to make more use of the highly sustaianble HVFA concretein real life 307 

projects. 308 

Each chart in Figure 2 compares mixes with equal fly ash content and w/b ratio but different 309 

superplasticizer dosage. The charts show that increase in superplasticizer leads to slight 310 

reduction in early strength of HVFA mixes (series 50, 60, and 65). This effect is probably due 311 

to the water content of the liquid superplasticizer which might have in turn led to a slight 312 

increase in w/b ratio. The charts also show similar mixes with different superplasticizer 313 

dosage to have an almost equal overall strength. This depicts that excess dosage (twice the 314 

recommended dose at most) of superplasticizer has no long term effect on strength of HVFA 315 

concrete. The results show that excess dosage can only be really useful strength-wise if it 316 
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will help reduce w/b ratio since increasing the dose at a constant w/b ratio has no positive 317 

effect on the concrete but a negative effect on early strength. 318 

 319 

3.3 Flexural strength  320 

Pavement concrete and structural concrete members like beam, which are generally 321 

subjected to bending when in use, make flexural strength (or modulus of rupture) very 322 

important. This is why flexural strength is one of the principal factors in concrete pavement. 323 

Like for the compressive strength, the flexural strength test of the specimens were carried 324 

out at the ages of 7, 28, 52, 91 and 365 days. The results are presented in Table 6 and 325 

Figure 3. Each chart in Figure 3 compares the flexural strength of similar mixes with different 326 

superplasticizer doses i.e. mixes in the same series are compared.  327 

The flexural strength of all mixes increased with age. Like in the case of compressive 328 

strength, the rate of gain of flexural strength of the control mix CGO expectedly tailed off 329 

drastically at the higher ages of 56, 91 and 365 days, while the HVFA concrete mixes (series 330 

50, 60 and 65) did not perform much better at later ages. This, as initially explained, is due to 331 

the use of a w/b ratio higher than required for high strength for the series 50, 60 and 65 332 

mixes. Further, from Table 6 and Figure 3, it can be deciphered that an increase in 333 

superplasticizer causes a reduction in flexural strength. This effect tails off as the concrete 334 

ages and is very minimal at later ages when considering series 50 and 60. The reduced 335 

early flexural strength for mixes with high dosage of superplasticizer might again be due to 336 

the superplasticizer’s water content since the difference in early flexural strength of similar 337 

mixes with different superplasticizer dose is small and the long term (one year) flexural 338 

strengths are practically equal. Overall excess dosage of superplasticizer cannot be said to 339 

have had any decisive effect on the flexural strength of the HVFA concrete mixes, at least 340 

not from the results gotten in this study. 341 

 342 

Table 6: Flexural strength (MPa) test results of all mixes at various ages. 343 

 344 

Comparing series 60 and 65 which have the same w/b ratio, it can be deduced from Table 6 345 

(last column) that increase in fly ash seem to cause reduction in overall flexural strength. In 346 

all, no HVFA concrete mix achieved the minimum 4.0 MPa 28-day flexural strength 347 

requirement of the British Airport Authority for pavement construction concrete (Calverley, 348 

1977) or superior flexural strength compared to the CG0 control mix at later ages. Obviously 349 

a lower w/b ratio will be needed to achieve this, however that is not the aim of this study. 350 
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 351 

Figure 3: Flexural strength versus age.  352 

 353 

3.4 Tensile Splitting Strength 354 

Tensile splitting strength test of the specimens were carried out at the ages of 7, 28, 91 and 355 

365 days. The results are presented in Table 7 and Figure 4. Each chart in Figure 4 356 

compares the tensile splitting strength of similar mixes with different superplasticizer doses 357 

i.e. mixes in the same series. The trend in the result is quite similar to that of the flexural 358 

strength. This is expected as they are both measures of the tensile strength of concrete. The 359 

splitting tensile strength of all groups increased with their ages. The rate of strength gain for 360 

control group CG0 drastically reduced at later ages between 91 and 365 days. The HVFA 361 

concrete mixes i.e. series 50, 60 and  65 did not gain a lot of tensile splitting strength at 362 

these later stages either as the mixing water was more than required to get high strength 363 

results. From Table 7 and Figure 4, a reduction in tensile splitting strength can be the result 364 

of an increase in superplasticizer dose. This response diminishes as the concrete ages and 365 

becomes very little and almost negligible at later ages, especially at 365 days. 366 

 367 

Table 7: Tensile splitting strength (MPa) test results of all mixes at various ages. 368 

 369 

As shown in Table 7 only two mixes, CG0 and MD2.0F50, met the minimum required 7-day 370 

tensile splitting strength of 1.85 MPa specified for road construction concrete by the British 371 

Department of Transport (Department of Transport, 1976), although ED3.0F50 and 372 

MD2.0F60 were close at 1.80 MPa. MD2.0F50 is the mix with the least fly ash content and 373 

superplasticizer dosage.  This might signal that an increase in fly ash content or 374 

superplasticizer dosage can both cause an adverse effect on HVFA concrete mixes. The 375 

negative fly ash effect can be deciphered by comparing the series 60 mixes to 376 

corresponding series 65 mixes. The only difference between these mixes is the fly ash 377 

content and series 60 mixes, with lower fly ash content, have relatively higher tensile 378 

strengths. Judging by how small the effect of superplasticizer is, and its diminishing effect at 379 

later ages, on the mixes  the dosage of superplasticizer cannot be strongly concluded to 380 

have a definitive effect on the tensile splitting strength of the HVFA concrete mixes. 381 

 382 
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Figure 4: Tensile splitting strength versus age. 383 

 384 

3.5 Abrasion Resistance test 385 

The abrasion resistance tests were carried out at the ages of 28, 91 and 365 days. In each 386 

case, the abrasion machine was operated on the specimens until 2850 (±5) revolutions were 387 

completed as specified in BS EN 13892-4:2002. This took about 15 minutes. The results of 388 

the tests are presented in Table 8 and Figures 5 and 6. Each chart in Figure 5 compares the 389 

abrasion or wear depth (µm) of mixes with equal superplasticizer dosage but different 390 

percentage of fly ash content while those in Figure 6 compare mixes with equal percentage 391 

of fly ash content but different superplasticizer dosage i.e. mixes in the same series.  392 

 393 

Table 8: Wear depth (µm) of all the mixes at the ages of 28, 91 and 365 days. 394 

 395 

As expected, the abrasion resistance of all mixes improved with age. Taking cognisance of 396 

the fact that the only difference between series 60 and 65 mixes is the fly ash content ,the 397 

results show that increase in fly ash content in HVFA mixes lead to poorer abrasion 398 

resistance at all ages up to a year (Figure 5). This fact is also proven in other studies (e.g. 399 

Naik et al., 1995; Vassou et al., 2002) though some authors have works that show otherwise 400 

(e.g. Atis, 2002). While the rate of increase in abrasion resistance of the control mix CG0 401 

seem to be somewhat steady between 28 and 365 days, the rate of increase in abrasion 402 

resistance of HVFA concrete mixes reduced between 91 and 365 days compared to 403 

between 28 and 91 days (note that the higher the abrasion value, the lower the abrasion 404 

resistance of the mix). 405 

From Figure 6, where mixes in the same series are compared, it is very clear and evident 406 

that excess dosage or increase in dosage of superplasticizer causes poorer abrasion 407 

resistance. The reason for this cannot be established from these results hence further 408 

research is needed in this area. Excess superplasticizer ‘might’ also be responsible for the 409 

reduced rate of gain of abrasion resistance of HVFA concrete mixes between 91 and 365 410 

days. Generally, this result signifies that too much superplasticizer should be avoided in 411 

concrete mixes to be used in applications like industrial floors where wear/abrasion 412 

resistance is of vital importance. If early HVFA concrete strength is needed and the desired 413 

w/b ratio cannot be achieved with normal dose of superplasticizer, then rapid hardening 414 

cement should be employed as established by Malhotra and Mehta (2002). It also signifies 415 

that HVFA concrete generally might not be too fit for applications like industrial floors where 416 
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wear/abrasion resistance is of vital importance since fly ash also has a negative effect on 417 

abrasion resistance. 418 

 419 

Figure 5: Wear or abrasion depth (µm) versus age of mixes with the same superplasticizer 420 

percentage. 421 

Figure 6: Wear or abrasion depth (µm) versus age of mixes with equal percentage of fly ash 422 

content. 423 

 424 

4.0 Effects of Study on Sustainability of Concrete 425 

Concrete remains the most used manmade material yet it is highly unsustainable in its 426 

simplest form. Its unsustainable nature is due mainly to a major constituent material i.e. 427 

cement, whose demand by the year 2020 is expected to be 180% higher than in 1990 428 

(Humphreys and Mahasenan, 2002). Cement production consumes a large amount of 429 

natural resources and energy and causes a huge amount of CO2 emission leading to 430 

environmental degradation. Reducing the consumption of cement by partly replacing it with a 431 

more sustainable material is obviously a very sustainable action. The replacement material 432 

i.e. fly ash, being a troublesome landfill waste produced in millions of tonnes yearly, makes 433 

such action even further sustainable. The push for increased use of fly ash led to research 434 

that brought about HVFA concrete. However, the main problem of HVFA concrete is its very 435 

slow rate of strength gain. This has hampered the level of use of HVFA concrete on real 436 

projects, thus impeding the sustainability gains made in concrete experimental research. 437 

Research has proven that using a very small w/b ratio, normally achieved through the use of 438 

large amounts of superplasticizer, can mitigate the slow rate of strength gain of HVFA 439 

concrete. However there is need to establish the effect of these large amounts of 440 

superplasticizer on HVFA concrete before they are discovered on practical projects where 441 

contractors/users can really get disappointed and lose confidence in a material that has not 442 

even gained enough confidence in the first place. This is exactly what this study has 443 

investigated. 444 

Findings have shown that large amounts or excess dosage of superplasticizer has no 445 

substantial effect, negative or positive, on the compressive, flexural and tensile splitting 446 

strengths of HVFA concrete. This means that it is okay to use large amounts of 447 

superplasticizer in order to ensure the highly sustainable HVFA concrete gains enough early 448 

strength to allow usage on real life projects where compressive, flexural and tensile splitting 449 

strengths are of importance. However, findings also showed that large amounts of highly 450 

superplasticizer reduce  abrasion resistance of HVFA concrete hence they should not be 451 
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used for applications such as industrial floors where abrasion resistance is of dire 452 

importance. The discovery in this study will ensure that contractors/users do not use 453 

superplasticized HVFA concrete for wrong applications (e.g. industrial floors) and end up 454 

getting disappointed. Such action would erode the modest confidence users have in HVFA 455 

concrete and hamper the real life use of the highly sustainable material. This study will thus 456 

ensure that the practical use of the highly sustainable HVFA concrete is not hampered 457 

through wrong and uninformed use. 458 

Further, the findings depict that if there is a strong desire to use sustainable fly ash concrete 459 

on an industrial floor project for example, then the fly ash content and superplastcizer 460 

contents can be reduced to a minimum. This will ensure that superplasticizer is not 461 

unnecessarily used. Since superplasticizer is made from raw materials consuming chemicals 462 

through carbon emitting industrial process, avoiding its unnecessary use is in itself is an act 463 

that supports sustainability and reduces environmental degradation. 464 

 465 

5.0 Conclusion 466 

Since it is quite common for researchers to use excess dosage of superplasticizer to achieve 467 

the desired very low w/b ratio in sustainable HVFA concrete so as to obtain early strength 468 

without reporting on the effects of the excess dosage, this study investigated the effects of 469 

such excess dosage on HVFA concrete properties. The results of the study have been 470 

presented in the body of this work and the conclusions that can be drawn from the results 471 

are given below: 472 

1. Excess dosage of superplasticizer results in a decrease in abrasion resistance of 473 

sustainable HVFA concrete. Likewise, increase in percentage of fly ash content results in 474 

poorer abrasion resistance of HVFA concrete.  475 

2. Although HVFA concrete, which is normally prepared with high dosage of 476 

superplasticizer, is highly sustainable, it is not the best for applications like industrial 477 

floors where wear/abrasion resistance is of vital importance since both fly ash and 478 

superplasticizer have negative effects on abrasion resistance. 479 

3. Excess dosage of superplasticizer, compared to prescribed dosage, can help to increase 480 

workability in terms of slump and flow of HVFA concrete.  481 

4. Excess dosage of superplasticizer has no quantifiable effect, positive or negative, on the 482 

compressive strength, flexural strength and tensile splitting strength of HVFA concrete. 483 
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5. When excess dosage of superplasticizer is used, the superplasticizing effect per volume 484 

reduces as more dose is added. 485 

6. With ‘not very low’ w/b ratios as used in this study, HVFA concrete mixes will struggle to 486 

meet the minimum required compressive, flexural and tensile splitting strengths of 487 

various standards. 488 

7. When batching is done by weight, HVFA concrete mixes will have lesser unit weight 489 

compared to cement only mixes because fly ash has a lesser density compared to 490 

cement.  491 

8. Increase in fly ash content in HVFA concrete mixes results in reduced overall flexural 492 

strength, tensile splitting strength and abrasion resistance. 493 

9. Good early and long term (one year to be specific) compressive strength cannot be 494 

achived for HVFA concrete if ‘very’ low w/b ratio is not realised with the aid of 495 

superplasticizer.  496 

 497 
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