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ABSTRACT 23 

This paper presents the effects of nano-SiO2 and nano-CaCO3 on the microstructure of High 24 

Volume Fly Ash (HVFA) cement paste. The microstructure of HVFA cement paste 25 

containing 40% and 60% class F fly ash were evaluated at 28 days using nanoindentation, X-26 

ray diffraction (XRD), thermogravimetric (DTA/TGA) and mercury intrusion porosimetry 27 

(MIP) analysis. There was a reduction of calcium hydroxide (CH) in XRD analysis of HVFA 28 

pastes containing nanoparticles. This observation was also confirmed in the DTA/TGA 29 

analysis. The nanoindentation results also showed the evidence of pozzolanic reaction in the 30 

HVFA pastes where the addition of 2% nano-SiO2 and 1% nano-CaCO3 increased the volume 31 

fractions of high-density and low-density calcium-silicate-hydrate (CSH) gels and confirmed 32 

the ability of nanoparticles in reducing the porosity of HVFA pastes, which was in consistent 33 

with the MIP analysis. The improved nano and microstructure of HVFA pastes due to the 34 

addition of nano-SiO2 and nano-CaCO3 obtained in this study show that high strength and 35 

highly durable sustainable concrete can be produced with less repair and maintenance 36 

requirements of the concrete structures.  37 

 38 

Keywords: High volume fly ash, nano-SiO2, nano-CaCO3, microstructure, nanoindentation, 39 

porosity. 40 

1. Introduction 41 

Fly ash, a by-product of coal-fired power station, has long been used as a partial replacement 42 

of ordinary Portland cement (OPC) in concrete production. It acts as a pozzolanic material, 43 

which reacts with Calcium Hydroxide (CH), a product of cement hydration and forms 44 

additional Calcium Silicate Hydrate (C-S-H) and Calcium Aluminate Hydrate (C-A-H) 45 

phases. These effectively contribute to higher strength and better durability of concrete 46 

through the formation of dense microstructure (Tahir and Sabir, 2005, Malvar and Lenke, 47 

2006, Bendapudi, 2011). In view of sustainability of concrete, it is desirable to use fly ash in 48 

large quantities (Malhotra and Mehta, 2002). In many research the replacement of OPC by 49 

50% or more fly ash is termed as high volume fly ash replacement (Siddique, 2004; Malhotra 50 

and Mehta, 2002). Previous studies have shown that the partial replacement of OPC by high 51 

volume fly ash improved the workability of concrete (Malhotra and Mehta, 2002). However, 52 

the early age mechanical and durability properties of HVFA concrete is inferior to the OPC 53 

concrete (Siddique, 2004). To overcome this limitation, various pozzolanic materials such as 54 

silica fume, ultrafine fly ash, fine lime powder, slag, etc. have been used in concrete (Mehta, 55 



 

 

2004; Shi and Shao, 2002; Pera et al., 1999; De Weerdt, 2011; Supit et al., 2014; Shaikh and 56 

Supit, 2015). Due to their smaller particle size and higher surface area than the fly ash, the 57 

low compressive strength of HVFA concrete at early age is improved.  58 

The use of nanomaterials to improve various properties of concrete is relatively new in 59 

concrete technology and has received particular interest among researchers in recent years 60 

(Sato and Beaudoin, 2011; Shaikh and Supit, 2014; Supit and Shaikh, 2014a,b; Hou et al., 61 

2013; Li et al., 2004; Shaikh et al., 2014). Among various nanomaterials the beneficial effects 62 

of using nano-SiO2 and nano-CaCO3 on the mechanical and durability properties of HVFA 63 

cement paste system is reported in a number of studies (Hou et al., 2013; Li et al., 2004; Sato 64 

and Beaudoin, 2011) including authors recent studies (Shaikh and Supit, 2014; Supit and 65 

Shaikh, 2014a,b; Shaikh et al., 2014). It was found that both the early-age and the long-term 66 

compressive strength and durability properties of HVFA concretes are significantly improved 67 

due to the addition of nano-SiO2 and nano-CaCO3. The formation of dense microstructure in 68 

HVFA concrete due to the addition of these nanoparticles was found to be the main reason for 69 

the superior properties.  70 

While the addition of nanomaterials in HVFA concretes showed significant improvement in 71 

strength and durability properties very few studies reported their effect on the microstructure 72 

of HVFA cement paste.  Hou et al. (2013) studied the microstructure of fly ash cement paste 73 

containing colloidal nano-SiO2 using scanning electron microscopy (SEM) technique. The 74 

SEM examination showed double layer coating structure in the nano-SiO2 added high volume 75 

fly ash paste, which after closer examination revealed to be compact layer structure. 76 

Kawashima et al. (2014) studied the microstructure of 30% fly ash cement paste with 2.5% 77 

and 5% nano-CaCO3 under the SEM and reported no noticeable difference between the 78 

microstructure of fly ash cement paste and that containing nano-CaCO3, although 79 

compressive strength at 2.5% nano-CaCO3 was higher than the control paste. Recently, 80 

nanoindentation technique was used for nanoscaled characterisation of different hydration 81 

phases e.g. C-S-H, CH, ettringite, etc. of cement paste matrix through measuring the stiffness 82 

of individual phases (Sorelli et al., 2008; Constantinides, and Ulm, 2004; Vandamme et al., 83 

2010, Zhou et al., 2007). No study so far reported different hydration phases identification of 84 

high volume fly ash cement paste containing nano-SiO2 and nano-CaCO3 using this 85 

technique. This paper reports the microstructure and nanoscaled characterisation of HVFA 86 

cement paste containing nano-SiO2 and nano-CaCO3 using nanoindentation, X-ray diffraction 87 

(XRD), thermogravematry (DTA/TGAA) and Mercury Intrusion Porosimetry (MIP) analysis. 88 

 89 



 

 

2. Experimental programme 90 

2.1 Materials and mix proportions 91 

Ordinary Portland cement Type I (PC), Class F fly ash (FA), nano-SiO2 and nano-CaCO3 92 

were used in this study. The nano-SiO2 and nano-CaCO3 were white powder with an average 93 

particle diameter of 25 nm and 40-50 nm, respectively. Nano-SiO2 was obtained from 94 

Nanostructured and Amorphous Materials, Inc. of USA whereas nano-CaCO3 was obtained 95 

from Skyspring nanomaterials Inc. of USA. The chemical analysis and physical properties of 96 

all materials used are listed in Table 1. In total six mixes of HVFA cement paste were cast. 97 

The first two mixes were control HVFA cement pastes containing 40% and 60% class F fly 98 

ash. In third and fourth mixes 2% nano-SiO2 was added while in fifth and sixth mixes 1% 99 

nano-CaCO3 was added. The selected quantities of nano-SiO2 and nano-CaCO3 were based on 100 

author’s recent studies (Shaikh and Supit, 2014; Supit and Shaikh, 2014a,b; Shaikh et al., 101 

2014). Details of mix proportions of all mixes are shown in Table 2. The nano-SiO2 and nano-102 

CaCO3 were dry mixed with fly ash and cement in a Hobart mixer for 3–4 min followed by 103 

the addition of water and wet mixed for an additional 2–3 min. 104 

 105 

2.2 Test methods  106 

In order to study the microstructure and the nanoscaled behaviour of HVFA pastes, 50mm 107 

cubes were cast and demolded after 24 hours. The paste specimens were cured in water at 108 

room temperature for 28 days. Small samples were cut from the cubes to perform the 109 

nanoindentation, XRD, DTA/TGA and MIP. The small cut paste samples for nanoindentation 110 

tests were polished using silicon carbide paper. The polishing was done using a finer abrasion 111 

of silica carbide (9 たm, 6 たm, 3 たm, 1 たm, 0.25 たm and 0.1 たm) for 40 minutes each w ith 112 

their respective diamond suspension fluid.   113 

2.2.1 Nanoindentation 114 

In nanoindentation, a controlled load was applied on the surface of materials in order to 115 

induce a local deformation. Using well-established equations, which are based on the 116 

principles of elastic contact theory, reduced elastic modulus and hardness were calculated. 117 

The applied load and the corresponding displacement were continuously monitored during the 118 

test. This resulted in a load-displacement curve as shown in Fig. 1. The slope at the beginning 119 

of the unloading curve is defined as the contact stiffness (S), and is given by: 120 

S = dP
dh

-------- (1) 121 



 

 

where P is the indentation load and h is the indentation depth.  122 

The initial part of the unloading curve is fitted by a Power Law: 123 

S = 2b
p

1

Er

æ

è
ç

ö

ø
÷

- 1

Ac     -------- (2) 124 

where Er is the reduced modulus, Ac is the contact area of the indenter and く is a constant for 125 

the indenter geometry.  126 

Er is related to the elastic modulus of the sample (E) and the elastic modulus of the indenter 127 

(Ei) by the following equation: 128 

1

Er
=1- n2

E
+1- ni

2

Ei
------- (3) 129 

where ち is the Poisson’s ratio of the sample and ちi is the Poisson’s ratio of the indenter. For 130 

the Berkovich indenter, the Ei and ちi are 1140 GPa and 0.07 respectively. Therefore, the 131 

reduced elastic modulus, Er, can be defined as: 132 

Er = p
2b

S

Ac
 -------- (4) 133 

The hardness is defined by: 134 

H = Pmax

Ac
-------- (5) 135 

where Pmax is the peak load. 136 

The nanoindentation machine used in this study was an Agilent Nano Indenter® G200 fitted 137 

with a Berkovich indenter tip of size 20nm. The calibrated contact area function was derived 138 

from indentation tests conducted previously on a fused quartz standard specimen. All testing 139 

were programmed in such a way that the loading started when the indenter came into contact 140 

with the test surface. The load was maintained for 30 seconds at the pre-specified maximum 141 

value before unloading. The unloading data for the lower indentation depth (i.e. hp = 300–400 142 

nm) was used to determine the reduced modulus and hardness values of the indentation point. 143 

A typical micrograph showing indents is shown in Fig. 2. 144 

Information on the mechanical properties was obtained from a matrix of 320 indents on the 145 

surface for cement composite samples. The selected indent spacing was 20 たm. Grid 146 

indentation technique was used to ensure that a representative set of data was collected for the 147 



 

 

samples. The selected method of grid indentation was 4x10 indents per area. On each sample 148 

this was repeated 8 times for a total of 320 indentation tests per sample. Each test area was 149 

selected by manual inspection using the indenters built in microscope.  150 

The nanomechanical properties of specific individual phases were extracted by statistically 151 

analysing all the test results, using a method similar to that presented by Constantinides et al., 152 

2003. Basically, the experimental data (i.e. modulus and hardness values) were statistically 153 

analysed to produce a frequency histogram. Then, the best model fit to the experimental 154 

results with multimodal normal distribution curves (also known as Gaussian distribution, Eq. 155 

1 was produced using nonlinear least squares method. 156 

f x,m,s( ) = 1

s 2p
exp - (x - m)2

2s 2

æ

è
ç

ö

ø
÷           (6) 157 

From each model fit, the mean value た and standard deviation j of the distribution were 158 

extracted. The area under the normal distribution curve also provides an estimate of the 159 

volume fraction for the hydrate/mineral phase it associated with, within the area of the sample 160 

covered by indents. 161 

 162 

2.2.2 X-ray diffraction (XRD)  163 

The powder of paste samples (3 g) were used for XRD analysis. The samples were milled 164 

using a ring mill (Rocklabs Ltd., New Zealand) with a tungsten carbide head to get a fine 165 

powder sample (particle size about 75 microns), before packing them into holders. The 166 

sample was milled for 30 seconds. XRD patterns were acquired on a Siemens D500 Bragg-167 

Brentano Diffractometer (Munich, Germany).  Operating conditions were set a 40 kV and 30 168 

mA using a Cuk X-ray source. An analysis from 5ͼ to 70ͼ (2) is carried out at a speed of 169 

0.5ͼ/min. 170 

 171 

2.2.3 Thermal analysis (DTA/TGA) 172 

DTA/TGA analysis measures both heat flow and weight changes in a material as a function of 173 

temperature and time in a controlled atmosphere. DTA curves show the thermal 174 

decompositions of different phases in paste, while TGA simultaneously measures the weight 175 

loss due to the decomposition of phases. About 50 mg of well-powdered sample in a 110 µL 176 

platinum crucible was heated from ambient to 1000°C at 20°C per minute in a nitrogen 177 

atmosphere flowing at 100 ml per minute.  Mass and differential temperature data were 178 



 

 

acquired with respect to furnace temperature. The analysis also allows the estimation of the 179 

content of CH from the weight losses in paste samples. The calcium hydroxide (CH) content 180 

can be calculated according to Taylor formula (1990): 181 

CH(%)=WLCH (%)
MWCH

MWH2O

------ (7) 182 

Where: 183 

WLCH is the weight loss during the dehydration of CH as percentage of the ignited weight (%) 184 

MWCH is the molecular weight of CH 185 

MWHO is the molecular weight of H2O 186 

 187 

2.2.4 Mercury intrusion porosimetry (MIP)  188 

The mercury intrusion porosimetry (MIP) test was performed to measure the pore volumes 189 

and their distribution in the HVFA pastes containing nanoparticles. This measurement was 190 

performed with a PoreMaster series - Quantachrome instruments, with a pressure ranged 191 

between 0.0083 and 207 MPa, and the pore diameter and intrusion mercury volume were 192 

recorded at each pressure point. The pressures were converted to equivalent pore diameter 193 

using the Washburn equation, as expressed in Equation (8): 194 

d = - 4gcosq
P

 ------- (8) 195 

Where d is the pore diameter (µm),  is the surface tension (mN/m),  is the contact angle 196 

between mercury and the pore wall (°), and P is the net pressure across the mercury meniscus 197 

at the time of the cumulative intrusion measurement (MPa). 198 

3. Results and discussion 199 

3.1 Nanoindentation analysis 200 

In this study, the indentation modulus frequency distribution was used to obtain different 201 

phases (Loose-pack CSH, Outer (Low Density) CSH, Inner (High Density) CSH, and CH) of 202 

HVFA cement pastes. These phases are denoted as model 1, model 2, model 3 and model 4, 203 

respectively in Figs. 3-8, where the probability distribution of indentation modulus and 204 

hardness of HVFA pastes measured after 28 days of curing is presented. The bin width used 205 

for Young’s modulus was 2.2 whereas this was 0.075 for hardness. The ranges of values of 206 

modulus that were used in the creation of the models have been taken from existing literature 207 

as ≤10±2, 11±2 - 24±2, 29±2 - 33±2 and 35±2 – 50 GPa for Loose-pack CSH, Outer (Low 208 

Density) CSH, Inner (High Density) CSH, and CH, respectively (Sorelli et al., 2008; 209 



 

 

Constantinides, and Ulm, 2004; Vandamme et al., 2010, Zhou et al., 2007). The values of 210 

elastic modulus higher than 50 GPa are not considered in the analysis as it is assumed to be 211 

unreacted cement clinker grains (Nemecek, 2009).  212 

The results indicated that the incorporation of nano-SiO2 in HVFA cement pastes increased 213 

the amounts of both low and high density CSH. The results also indicated that the CH is also 214 

reduced in both HVFA pastes due to the addition of 2% nano-SiO2 as shown in Figs. 5 and 6. 215 

In addition, it was observed that the probability of elastic modulus of loose-pack CSH, which 216 

represents the porous phase is also reduced in the HVFA pastes containing nano-SiO2 (Figs. 5 217 

and 6). These results confirmed the ability of nano-SiO2 in reducing the porosity by filling the 218 

pores between the CSH gels through generating more low-density-CSH and high-density-219 

CSH products. The effects of 1% nano-CaCO3 on the indentation modulus and hardness of 220 

HVFA pastes are shown in Figs. 7 and 8. It was observed that the peak of the distribution of 221 

the indentation modulus of loose-pack CSH (porous phase) in FA40 mix was significantly 222 

reduced due to the addition of 1% nano-CaCO3. However, no such improvement was 223 

observed in FA60 mix. The peaks of the probability plot of the elastic modulus, which 224 

corresponds to the low and high-density CSH gel for FA39NC1 and FA59NC1 were found to 225 

be in the range of 10-30 GPa and 20-35 GPa, respectively.  226 

The values of elastic modulus and hardness for individual hydrated phase in HVFA cement 227 

pastes containing nano-SiO2 and nano-CaCO3 extracted from model fits are summarised in 228 

Table 3. Volume fractions of different hydration phases of HVFA pastes are also shown in the 229 

same table. As can be seen in this table, the relative percentage of low-density -CSH and 230 

high-density-CSH of HVFA cement paste containing 2% nano-SiO2 were 37.5% and 15.9%, 231 

respectively for mix FA38NS2, whereas these values for the mix FA58NS2 were 37.4% and 232 

23.3%%, respectively. The results were higher than the relative volume fractions of low-233 

density-CSH and high-density-CSH in control HVFA pastes, which were about 17.3% and 234 

16.4%%, respectively for the mix FA40 and 36% and 15.8%%, respectively for the mix 235 

FA60. The beneficial effect of addition of 2% nano-SiO2 in HVFA pastes can also be seen 236 

where the volume fraction of loose packed CSH of FA40 and FA60 is reduced by 33% and 237 

17%, respectively. Similarly, the volume fraction of CH of FA40 and FA60 is also reduced by 238 

20% and 26%, respectively. It can be also seen in Table 3 that the total volume fraction of 239 

high- and low-density CSH in FA39NC1 increased by about 71% while a marginal increase is 240 

observed in FA59NC1. Despite this observation, the overall results suggested that the addition 241 

of both nano-SiO2 and nano-CaCO3 modified the HVFA cement paste properties by filling the 242 

pores in the CSH gels and decreasing the porosity.  243 



 

 

The nanoindentation results showed the evidence of pozzolanic reaction in HVFA pastes 244 

containing nano-SiO2, where the total volume of loose-packed-CSH is decreased from 54.4% 245 

to 36.9% and from 34.2% to 28.6% due to addition of 2% nano-SiO2 in FA40 and FA60 246 

pastes, respectively. At the same time the volume of CH in FA38NS2 and FA58NS2 pastes is 247 

decreased by about 20% and 26%, respectively due to addition of 2% nano-SiO2. These are 248 

the clear evidence of pozzolanic reaction by nano-SiO2 in HVFA pastes, which is consistent 249 

with other microstructural analysis results presented in other sections. In the case of HVFA 250 

paste containing 1% nano-CaCO3 (FA39NC1) the loose-packed CSH is decreased from 251 

54.4% to 26.7%, however no significant improvement is observed in the case of FA59NC1. 252 

Interestingly the addition of 1% nano-CaCO3 increased the volume of CH in both HVFA 253 

pastes. One possible explanation of this behaviour in HVFA pastes is the seeding effect of 254 

nano-CaCO3 particles on the nucleation of CSH. The nucleation of CSH is accelerated by the 255 

presence of nano-CaCO3 particles on the surface of OPC and fly ash grains as evidenced by 256 

other researchers e.g. in (Sato and Beaudoin, 2011; Kawashima et al, 2014; Sato, and Diallo, 257 

2010). There is also experimental evidence reported by many researchers e.g. in (Pera et al., 258 

2004; de Weerdt et al., 2011; Larsen, 1961) that the calcium carbonate accelerates the 259 

hydration of tri-calcium silicate and modifies the CSH. This means that more CH is also 260 

produced due to hydration reaction of tri-calcium silicate in the matrix.  It is also reported that 261 

the calcium carbonate acts as crystallization nuclei and thereby increase the crystallization 262 

rate of CH and consequently also the rate of cement hydration. This also agrees with the 263 

observed results in HVFA paste containing nano-CaCO3. The higher CH in HVFA pastes 264 

containing nano-CaCO3 than those containing nano-SiO2 is also believed to be due to curing 265 

as all pastes were cured for only 28 days. After long curing the amount of CH in HVFA paste 266 

containing nano-CaCO3 is expected to be reduced through pozzolanic reaction of fly ash 267 

present in the system. Thus, more research on the effect of long-term curing, their types as 268 

well as the effect of different water/binder ratios on the hydration of HVFA paste containing 269 

both nanoparticles are required to better understand the role of nanoparticles on the 270 

microstructure of HVFA paste.  271 

3.3 X-ray diffraction (XRD) analysis 272 

XRD patterns of HVFA pastes containing 38% fly ash+ 2% nano-SiO2 and 58% fly ash+2% 273 

nano-SiO2, respectively are shown in Figs. 9 and 10. The XRD patterns of control HVFA 274 

pastes containing 40% and 60% fly ash are also shown in the same Figs. for comparison. The 275 

highest CH peak with intensity counts of about 4800 and slightly higher than 5000 was 276 

observed at 2-theta angle of 18.05ͼ in the HVFA pastes containing 40% and 60% fly ash, 277 



 

 

respectively. The effects of adding 2% nano-SiO2 in the above pastes in terms of consumption 278 

of CH can also be seen in the above Figs. It can be seen that the highest CH peak at the same 279 

angle in HVFA pastes containing 38% and 58% fly ash pastes is reduced by about 10% and 280 

30%, respectively due to the addition of 2% nano-SiO2. Larsen (1961) recognized that the CH 281 

concentration is inversely related to C-S-H production. If C-S-H is increased, less CH is 282 

available for diffracting X-rays (Belkowitz, and Armentrout, 2010). The reduction of CH in 283 

HVFA cement pastes containing nano-SiO2 indicated the formation of more CSH in the 284 

system. Figs. 11 and 12 show the XRD patterns of HVFA cement pastes containing 39% fly 285 

ash+1% nano-CaCO3 and 59% fly ash +1% nano-CaCO3, respectively. The XRD patterns of 286 

control HVFA pastes containing 40% and 60% fly ash are also shown in the same Figs. for 287 

comparison. In HVFA cement paste containing 40% fly ash the intensity peak of CH was 288 

4800 counts which reduced to about 4200 at 2 = 18.05° due to the addition of 1% nano-289 

CaCO3. In HVFA cement paste containing 60% fly ash the intensity peak of CH was 5000 290 

counts which reduced to 3500 counts at 2 = 18.05°. 291 

3.4 DTA/TGA analysis 292 

The results of DTA/TGA on HVFA cement pastes containing 2% nano-SiO2 and 1% nano-293 

CaCO3 are shown in Figs. 13-16. DTA results showed two major endothermic peaks at 103϶C 294 

and 462϶C, corresponding to the dehydration of calcium silicate hydrate (CSH)/ettringite 295 

(AFt) and calcium hydroxide (CH), respectively (Vedalakshmi et al., 2003; Ukrainczyk et al., 296 

2006). In Figs. 13-16, smaller broad peaks can be seen within the temperature range of 428-297 

495϶C indicating the less intensive CH in HVFA cement pastes containing nano-SiO2 and 298 

nano-CaCO3. The TGA curves also showed similar trend to explain that nanoparticles 299 

participated in the hydration process of the system. The weight loss due to the 300 

dehydroxylation of CH can be observed at temperature range between 400 and 500϶C.  The 301 

estimation of the content of CH is calculated based on Taylor formula as discussed earlier in 302 

Equation (7). It can be seen in Fig. 17 that the CH decreased in HVFA pastes due to the 303 

addition of nano-SiO2, except the FA58NS2 paste where slight increase in CH is observed. It 304 

can also be seen that the presence of 1% nano-CaCO3 reduced the CH content of pastes for 305 

both fly ash contents. This could be due to the reactivity of both nanoparticles in HVFA 306 

cement paste and the consumption of CH by the pozzolanic reaction. The reduction in CH 307 

content also confirmed the results obtained in nanoindentation studies in HVFA paste 308 

containing 2% nano-SiO2, where the volume fraction of CH phases is reduced in both HVFA 309 

contents.  310 

 311 



 

 

3.5 Mercury intrusion porosimetry (MIP)  312 

The effects of nano-SiO2 and nano-CaCO3 on the porosity of HVFA cement paste are shown 313 

in Figs. 18 and 19. It shows the relationship between cumulative pore volume and pore 314 

diameter in the range of 0.01 to 100µm. Zhang and Islam (2012) classified the pores in 315 

cement pastes as large capillary pores, medium capillary pores and gel pores which are in the 316 

range of 10-0.05µm, 0.05-0.01 µm and <0.01µm, respectively. Gel pores form a part of CSH 317 

and are considered as micro pores. They are not active in water permeability and do not 318 

influence the strength. However, they influence shrinkage and creep of the concrete. The 319 

capillary pores are partially and completely filled with water and reduce as hydration 320 

continues. However, they affect the strength and durability of concrete (Brandt, 1995). 321 

From Fig. 18 it can be seen that the total pore volume particularly the capillary pores of 322 

HVFA cement pastes is significantly reduced due to the addition of 2% nano-SiO2. The paste 323 

with 60% fly ash had a coarser pore structure with a total porosity of about 0.61 cc/g and 324 

initial pore entry diameter of about 2 µm. On the other hand, in paste FA40, the total porosity 325 

and the initial pore entry diameter of about 0.39 cc/g and 1.0 µm, respectively. The higher 326 

capillary pores of HVFA pastes can be attributed to the less cement and hence, less CSH 327 

formed during hydration reaction and slow pozzolanic reaction of fly ash in the concrete. 328 

Similar higher porosity of HVFA mortar than OPC mortar is also observed by others (Ahmed 329 

et al., 2007). On the other hand, due to large surface area and higher fineness of nano-SiO2 330 

than the fly ash, more CSH gels are formed in HVFA pastes containing nano-SiO2, which 331 

contributed to the reduction in capillary pores and gel pores. The results in Fig. 19 showed 332 

that the cumulative pore volume of HVFA paste containing 40% fly ash is reduced from 0.61 333 

to 0.32 cc/g and that containing 60% fly ash is reduced from 0.39 to 0.28 cc/g due to addition 334 

of 2% nano-SiO2. Similarly, the initial pore entry diameter of FA60 and FA40 pastes 335 

decreased from about 2 µm to 0.3 µm and from 1 µm to 0.2 µm, respectively due to the 336 

addition of 2% nano-SiO2. 337 

The effects of nano-CaCO3 on the porosity of HVFA cement pastes are shown in Fig. 19. 338 

There was a notable reduction in pore concentration indicating the presence of nano-CaCO3 is 339 

beneficial for pore modification. The result showed that the cumulative pore volume in HVFA 340 

pastes is reduced significantly due to addition of 1% nano-CaCO3. While the total porosity of 341 

FA40 and FA60 are 0.39 and 0.61 cc/g, respectively, it reduced to 0.20 and 0.32 cc/g in the 342 

FA39NC1 and FA59NC1 paste samples, respectively. Both capillary and gel pores are 343 

reduced significantly by the addition of nano-CaCO3 in HVFA system. The results also 344 

showed that the initial pore entry diameter is significantly reduced from 2 µm to 0.7 µm in 345 



 

 

FA40 paste and from 1 µm to 0.2 µm in FA60 paste due to the addition of 1% nano-CaCO3. 346 

These results confirmed a dense microstructure of the HVFA pastes containing nano-SiO2 and 347 

nano-CaCO3, which are in agreement with the results of XRD, DTA/TGA and 348 

nanoindentation.  349 

 350 

4. Conclusions 351 

Based on the results obtained in this study the following conclusions can be made: 352 

(i) Nanoindentation results indicated that the incorporation of nano-SiO2 at 2% and nano-353 

CaCO3 at 1% in high volume fly ash cement pastes containing 40% and 60% fly ash 354 

reduced the volume fractions of loose packed CSH and increased the low density CSH 355 

except the mix FA59NC1 where slight increase and decrease, respectively is observed. 356 

Nanoindentation results also show increase in the volume fractions of high density 357 

CSH gel in all mixes except in FA38NS2 where no change is observed. The 358 

nanoindentation results also show that the volume fraction of CH is reduced in HVFA 359 

mixes due to addition of nano-SiO2, whereas an opposite trend is observed in the case 360 

of HVFA containing nano-CaCO3. The latter is believed to be due to the accelerated 361 

reaction of tri-calcium silicate due to the presence of nano-CaCO3, which ultimately 362 

increased the CH content. The slow pozzolanic reaction of fly ash is also believed to 363 

be the reason for high CH content in HVFA pastes containing nano-CaCO3.  364 

(ii)  XRD revealed that the addition of 2% nano-SiO2 and 1% nano-CaCO3 in HVFA 365 

cement paste increased the consumption of CH and, hence, the formations of CSH gel. 366 

However, this trend is deviated in FA39NC1 mix where no significant reduction in 367 

CH is noticed. The DTA/TGA also confirmed the findings of XRD results showing 368 

the reactivity of nano-SiO2 and nano-CaCO3 in reducing the CH content, with only 369 

exception in the FA58NS2 mix. 370 

(iii)MIP results confirmed the ability of nano-SiO2 and nano-CaCO3 in reducing the total 371 

capillary pores and pore diameter of HVFA cement paste. The results confirmed a 372 

dense microstructure of the HVFA cement paste with the addition of 2% nano-SiO2 373 

and 1% nano-CaCO3.  374 

The improved microstructure of HVFA pastes due to addition of nano-SiO2 and nano-375 

CaCO3 observed through the nano and microstructural analysis confirmed that the 376 

mechanical and durability properties of sustainable high volume fly ash concretes can be 377 

improved, which will contribute significantly in the infrastructure sustainability.    378 

    379 
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Table 1: Physical properties and chemical composition of materials used 480 

 481 

Chemical composition 
Oxides (%) OPC Fly ash Nano-

SiO2 
Nano-
CaCO3 

SiO2 20.2 51.80 99 - 
Al2O3 4.9 26.40 - - 
Fe2O3 2.8 13.20 - 0.02 
CaO 63.9 1.61 - 97.8 
MgO 2.0 1.17 - 0.5 
MnO - 0.10 - - 
K2O - 0.68 - - 
Na2O - 0.31 - - 
P2O5 - 1.39 - - 
TiO2 - 1.44 - - 
SO3 2.4 0.21 - - 
Physical Properties 

Particle size 25-40% ≤ 7µm 40% of 10 µm 25 nm 15 – 40 nm 
Specific gravity 2.7 to 3.2 2.6 2.2 to 2.6 - 
Surface area (m2/g) - - 160 40 
Loss on ignition (%) 2.4 0.5 - - 

 482 

Table 2: Mix proportions  483 

Mix ID Cement Fly ash Nano-SiO2  Nano-CaCO3  Water 
(kg/m3) 

FA40 240 160 - - 160 
FA60 160 240 - - 160 
FA38NS2 240 152 8 - 160 
FA58NS2 160 232 8 - 160 
FA39NC1 240 156 - 4 160 
FA59NC1 160 236 - 4 160 
 484 

 485 

 486 

 487 

 488 

 489 

 490 

Table 3: Elastic modulus and hardness values extracted from model fits for individual 491 

hydrated phases in of HVFA cement pastes containing Nano-SiO2 and Nano-CaCO3 492 

 493 

MIX Phases Elastic modulus 
(GPa) 

Hardness 
(GPa) 

Volume 
fraction (%) 

FA40 
 

Loose-packed CSH 10.03 0.24 54.4 
Low density CSH 21.04 0.50 17.3 
High density CSH 30.11 0.88 16.4 
CH 41.30 1.30 11.9 

FA60 Loose-packed CSH 11.02 0.22 34.2 



 

 

Low density CSH 20.00 0.54 36.0 
High density CSH 30.31 0.59 15.8 
CH 44.75 1.37 14.5 

FA38NS2 
 

Loose-packed CSH 8.00 0.18 36.9 
Low density CSH 14.25 0.35 37.5 
High density CSH 27.82 0.84 15.9 
CH 42.31 1.53 9.6 

FA58NS2 

Loose-packed CSH 7.56 0.15 28.6 
Low density CSH 14.15 0.35 37.4 
High density CSH 28.08 0.71 23.3 
CH 44.53 1.36 10.8 

FA39NC1 
 

Loose-packed CSH 14.34 0.38 26.7 
Low density CSH 20.82 0.66 36.9 
High density CSH 28.00 1.10 20.9 
CH 41.11 1.71 15.5 

FA59NC1 

Loose-packed CSH 8.19 0.15 36.1 
Low density CSH 19.20 0.50 28.8 
High density CSH 29.50 0.94 23.37 
CH 38.50 1.54 30.25 

 494 

 495 

 

Fig. 1: Typical load-displacement curves in nanoindentation test 496 
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Fig. 2: A typical micrograph showing indents 499 
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Fig. 3a: Probability density function (PDF) of 
modulus of FA40 paste  

Fig. 3b: Probability density function (PDF)  
of hardness of FA40 paste  

  

Fig. 4a: Probability density function (PDF) of Fig. 4b: Probability density function (PDF)  



 

 

modulus of FA60 paste  of hardness of FA60 paste  

  

Fig. 5a Probability density function (PDF) of 
modulus of FA38NS2 paste  

Fig. 6b Probability density function (PDF)  
of hardness of FA38NS2 paste  
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Fig. 6a Probability density function (PDF)  
of modulus of FA58NS2 paste  

Fig. 6b Probability density function (PDF)  of 
hardness of FA58NS2 paste  

  

Fig. 7a Probability density function (PDF)  
of modulus of FA39NC1 paste  

Fig. 7b Probability density function (PDF)  of 
hardness of FA39NC1paste  



 

 

  

Fig. 8a Probability density function (PDF)  
of modulus of FA59NC1 paste  

Fig. 8b Probability density function (PDF)  of 
hardness of FA59NC1paste  
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Fig. 9 XRD patterns of HVFA paste with 40% FA and 38%FA+2% nano-SiO2  



 

 

 

Fig.10 XRD patterns of HVFA paste with 60% FA and 58%FA+2% nano-SiO2 

 

Fig. 11 XRD patterns of HVFA paste with 40% FA and 39%FA+1% nano-CaCO3 (Shaikh 

and Supit, 2014) 
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Fig. 12 XRD patterns of HVFA paste with 40% FA and 59%FA+1% nano-CaCO3 (Shaikh 

and Supit, 2014) 

 

Fig. 13 DTA/TGA of HVFA paste with 40% FA and 38%FA+2% nano-SiO2  



 

 

 

Fig. 14 DTA/TGA of HVFA paste with 60% FA and 58%FA+2% nano-SiO2  
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Fig. 15 DTA/TGA of HVFA paste with 40% FA and 39%FA+1% nano-CaCO3 (Shaikh and 
Supit, 2014) 



 

 

 

Fig. 16 DTA/TGA of HVFA paste with 60% FA and 59%FA+1% nano-CaCO3 (Shaikh and 
Supit, 2014) 

 

Fig. 17 CH content in HVFA pastes containing 2% nano-SiO2 and 1% nano-CaCO3  



 

 

 

Fig. 18 Commutative pore volume of HVFA paste with and without 2% nano-SiO2 [15] 

 

Fig. 19 Commutative pore volume of HVFA paste with and without 1% nano-CaCO3 

(Shaikh and Supit, 2014) 
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