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ABSTRACT: Structural characteristics of concrete incorporating Colloidal Nanosilica 

(CNS), Metakaolin (MK) and Alccofine (AF) were comparatively studied using X-Ray 

Diffraction (XRD), Thermogravimetric Analysis (TGA), Field Emission Scanning 

Electron Microscope (FESEM), and Fourier Transform Infrared spectroscopy (FTIR). 

The plasticizer demand and compressive strength at 3,7,28 and 90 days of curing ages 

were also determined. The results indicated that the demand for plasticizer content 

increased with CNS and MK incorporation owing to their large surface area and rough 

surface texture, respectively. However, AF decreased the plasticizer demand due to glassy 

surface morphology. Also, the compressive strength increased with replacement ratio. 

The tetranary blended systems (M6) proved to be more advantageous compared to binary, 

ternary and normal OPC systems. FTIR, TGA, XRD and FESEM analysis were consistent 

with the results of compressive strength. The improvement in properties of concrete at 

early ages was attributed to filler and nucleation effect of CNS and AF. At later ages, 

CNS modified the CSH by increasing the length of silicate chains, AF and MK diminished 

the portlandite content by utilizing it in pozzolanic reaction and filling of pores partially 

or completely especially by secondary CSH gel, led to denser structure . 
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1. Introduction 

 

The quest for developing green concrete is 

increasing considerably during the present 

times as the demand from construction 

industry and environmental protection 

agencies increased. Considerable research 

has been carried out to study the use of 

mineral admixtures or Supplementary 

Cementing Materials (SCM) as partial 

replacement to cement. These mineral 
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admixtures are either produced from natural 

sources (Kaolinite, limestone, etc.) or are 

by-products or waste materials (Fly ash, 

Silica fume, Slag, etc.) from different 

industries. The engineering benefits by 

using these admixtures mainly resulted 

from their fine particle size and pozzolanic 

reactivity (Malhotra and Mehta, 2004).  

Pozzolanic materials mainly silica fume, 

flyash, rice husk ash, slag etc have been 

used extensively in construction industry. 

https://ceij.ut.ac.ir/article_91847.html
https://orcid.org/0000-0001-8645-8802
https://orcid.org/0009-0007-8419-279X
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The improvement in concrete properties 

due to the addition of slag as cement 

replacement has increased significantly and 

various specifications have been laid for 

manufacturing and use of slag cement in 

concrete mixtures (Bureau of Indian 

Standards, 2015). The mechanism 

responsible for improvement has been well 

documented (Özbay et al., 2016). The 

properties and microstructure development 

are critical to figure out the long-term 

performance typically in marine and acidic 

environmental conditions. The slow 

microstructure development at the early 

ages provides less resistance to adverse 

effects of surrounding environment. 

Alccofine (AF) or ultrafine slag is a new 

generation SCM having superior properties 

compared to normal slag, especially the 

strength gain at early ages. It is produced 

through a controlled granulation process 

resulting in an ultra-fine particle size and 

high reactivity. Compared to the normal 

slag, AF has produced concrete with better 

performance especially in terms of 

workability, segregation resistance, 

improvement in strength development and 

durability characteristics, owing to their 

large specific surface area of particles 

(Kavyateja et al., 2019; Shaat et al., 2020). 

Sharmila and Dhinakaran (2015) studied 

the effect of replacement of cement by 0- 

15% AF and reported that 10% AF 

produced concrete with superior hardened 

properties.  

The metakaolin (MK) as SCM on the 

other hand has received considerable 

interest from researchers due to its higher 

pozzolanic characteristics (Abdelli et al., 

2017; El-Diadamony et al., 2018). MK is 

produced from calcination of kaolin clay at 

650-800 ℃ (Medri et al., 2020), 

substantially lower energy requirement for 

production compared to clinker (1400 ℃). 

This means that the production energy and 

cost of MK are comparatively less than 

cement. Besides this, the difference with 

other SCMs is the MK is primary product 

and others are secondary or by-products. 

Therefore, MK can be manufactured in a 

controlled process with desired 

characteristics. Wild et al. (1996) stated that 

MK is far superior than other pozzolans as 

it has the ability to accelerate the cement 

hydration, and specified that MK seems 

playing a catalytic effect on hydration 

reaction.   

Various researchers have reported that 

MK increases the strength parameters at 

later ages (Ashok et al., 2021; Lima et al., 

2023). Some studies even reported the 

increase of strength at early ages. The 

increase in strength at early age is believed 

to be as a result of pore filling effect of fine 

MK particles which occupy the space left 

between the cement grains (da Silva 

Andrade et al., 2018). However, the 

strength gain at later ages is as a result of 

pozzolanic reaction of MK with portlandite, 

which increases the hydrated aluminium 

silicates responsible for strength gain and 

improvement in durability properties like 

resistance to water and chloride ingress, 

sulphate and acid resistance etc. 

(Abdelmelek and Lubloy, 2021; Bhat and 

Naqash, 2022; Wang et al., 2018). Although 

some studies have reported the effects of 

introducing metakaolin as cement 

replacements (Al Menhosh et al., 2018; 

Sujjavanich et al., 2017; Zhan et al., 2020), 

however a systematic behaviour of MK was 

lacking.  

Besides these continued efforts of 

replacing cement with mineral admixtures, 

various researchers (such as Hamed et al., 

2019; Senff et al., 2012) anticipated that the 

quick advancement of nanotechnology 

might be effective for pushing concrete 

technology to next level in order to meet the 

desired qualities of concrete and its 

sustainability goals. For this, some studies 

have reported the impact of nano silica on 

performance of concrete and observed a 

considerable increase in strength and 

transport properties compared to normal 

concrete (Rong et al., 2020; Wang et al., 

2018). The improvement of concrete 

performance is attributed to the filling effect 

and pozzolanic properties. However, it is 

also stated that due to its small size and high 
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specific surface area, it has enhanced the 

rate of cement hydration by acting as 

nucleating agent. Uddin et al. (2015) has 

studied the effect of nanosilica with silica 

fume and flyash in blended cement 

composites, and observed that strength, 

durability and microstructure were 

enhanced.  

The focus of this paper is to develop a 

sustainable concrete matrix with enhanced 

characteristics than conventional concrete. 

This work studies the effect of replacing 

cement partially by AF, MK and CNS. 

Although the influence of binary additives 

on properties of concrete is studied. 

However, hardly any research is available 

in which the combined effect of CNS, MK 

and AF is thoroughly studied. Therefore, 

this is the motivation behind this study and 

it is highly reckoned that this will be useful 

for various stakeholders intending the usage 

of CNS, MK and AF in cement composites. 

This research studies binary, ternary and 

quaternary blended concrete composites of 

CNS, MK, AF and Portland cement. The 

effect of CNS (0-0.45%), MK (0-20%) and 

AF (0-20%) on workability and 

compressive strength are studied. 

Microstructural characterisation is carried 

out using various analytical tools such as X-

Ray Diffraction (XRD), 

Thermogravimetric analysis (TGA), Field 

Emission Scanning Electron Microscope 

(FESEM), and Fourier Transform Infrared 

Spectroscopy (FTIR) for supporting the 

experimental results. 

 

2. Materials and Methods 

 

2.1. Materials   

Various materials used during this 

experimental work are as follows: 

• Cement (OPC Grade 43), confirming to 

BIS: 8112 (2013) and ASTM type-I, 

supplied by Khyber Industries Pvt. Ltd. 

• Nanosilica in colloidal form (30.58% 

solid content), manufactured and 

supplied by BEE CHEMS. 

• AF, commercially manufactured and 

supplied by Counto Microfine Products 

Pvt. Ltd. 

• MK was supplied by Kaomin Industries 

LLP. 

• Good quality and well graded coarse 

aggregates of crushed boulders with 

maximum size of 20 mm and well 

graded river sand of maximum size of 

4.75 mm were used during this 

experimental work. The specific gravity 

of coarse and fine aggregates determined 

experimentally were of 2.79 and 2.6, 

respectively. The gradation curves have 

been plotted and presented in Figure 1. 

• Auramix-400, a poly-carboxylate ether-

based plasticizer, was used as water 

reducing admixture, supplied by Fosroc 

Constructive Solutions. 
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Fig. 1. Particle size distribution of aggregates   
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Table 1 shows the composition of 

Cement, CNS, MK and AF and Table 2 

shows the characteristics and properties of 

cement used during this experimental work. 

It can be observed in Table 2 that CNS 

contains 99.5% silica, AF contains 35.5% 

of silica and 21.20% of alumina and MK 

contains 52.52% of silica and 44.74% of 

alumina. The particle shape of MK, cement 

and AF were observed under FE-SEM and 

are presented in Figure 2. XRD analysis was 

carried out on MK, AF, cement and CNS to 

identify the crystalline phases Figure 3.    

 
Table 1. Physical and chemical characteristics of Cement, MK, AF and CNS 

Chemical characteristics Cement MK AF CNS 

SiO2 (%) 19.44 52.54 35.51 99.55 

Al2O3 (%) 4.73 44.72 21.21 <0.003 

Fe2O3 (%) 3.14 0.4 - <0.001 

CaO (%) 62.3 0.14 32.3 - 

MgO (%) 3.00 0.17 6.12 - 

SO3 (%) 3.48 0.00 0.11 - 

Loss on ignition (%) 2.16 0.48 0.68 - 

Physical characteristics     

Form Powder Powder Powder Colloidal 

Colour Greyish Pinkish white Light grey White 

Size - 0.6-1.41µ 4-6 µ 5-40 nm 

Blaine fineness (m2/kg) 350 1670 1030 - 

Specific gravity 3.14 2.61 2.87 1.22 

 
Table 2. Properties and characteristics of Cement 

Specific gravity Consistency Setting time (min) Compressive strength (MPa) 

  Initial Final 7 days 28 days 

3.14 29.55% 119 225 35 46 

 

  
(a) (b) 

 
(c) 

Fig. 2. FESEM of: a) MK; b) AF; and c) Cement 
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Fig. 3. XRD analysis of: a) AF; b) MK; c) CNS; and d) Cement   
 

2.2. Mix Proportions 

Trials for preparation of concrete 

mixtures of target strength 38 MPa for 

reference mixture at 28 days of curing age 

were carried out. The water to cement ratio 

was kept constant at 0.44. Nine different 

mixtures with varying replacement ratios of 

MK, AF and CNS were examined to study 

the influence on strength, workability and 

microstructural characteristics of concrete 

mixtures. Table 3 lists the specifics of each 

of these mixes. The reference mix did not 

contain any mineral admixtures. Trials were 

also conducted for optimum dosages of 

plasticizer for achieving a target slump 

around 70 mm. The dosages were carefully 

selected in order to reduce the adverse 

effect of overdosing.   

 
Table 3. Mix design 

Mix 

proportion 

MK 

(%) 

AF 

(%) 

CNS 

(%) 

Cement 

(kg) 

MK 

(kg) 

AF 

(kg) 

CNS 

(kg) 

FA 

(kg) 

CA 

(kg) 

Water 

(kg) 

Plasticizer 

(gm) 

M0 0 0 0 350 0 0 0 747 1190 154 1989 

M1 0 0 0.45 348.425 0 0 1.575 747 1190 154 2623 

M2 0 20 0 280 0 70 0 747 1190 154 1523 

M3 20 0 0 280 70 0 0 747 1190 154 3443 

M4 0 20 0.45 278.425 0 70 1.575 747 1190 154 1858 

M5 5 15 0.45 278.425 17.5 52.5 1.575 747 1190 154 2203 

M6 10 10 0.45 278.425 35 35 1.575 747 1190 154 2871 

M7 15 05 0.45 278.425 52.5 17.5 1.575 747 1190 154 3557 

M8 20 0 0.45 278.425 70 0 1.575 747 1190 154 4247 
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2.3. Sample Preparation 

All the concrete mixtures were prepared 

in a laboratory mixer of 100 litre capacity. 

Firstly, coarse aggregates, sand, cement, 

mineral admixtures were fed to a rotary 

mixer and dry mixed for 2 min. 

Subsequently half of water with CNS was 

added fallowed by plasticizer and 

remaining water. The mixing was continued 

for 5 min for obtaining a homogeneous 

mixture. The concrete batch was removed 

in a pan and tested for slump. The concrete 

was then poured into the suitable moulds 

and compacted with a vibrating table. The 

surface was finished using a chisel for 

smooth finish. After 24 hours, all of the 

specimens were de-moulded and cured in a 

pool of water (Figure 4) till the testing age. 

 

 
Fig. 4. Curing of specimens in curing tank 

 

2.4. Test Methods 

Compression tests were performed on 

compression testing machine as per (BIS 

516, 1959). The results were analysed 

statistically using ANOVA (Analysis of 

variance) and Duncan’s homogeneity test 

with a confidence level of 5%. After 

completion of compression test at 28 days, 

the mortar pieces were collected, ground 

sieved through 45 µm sieve and were kept 

for XRD, TGA/DSC and FTIR analysis.  

XRD analysis was carried out on powdered 

concrete specimens by Rigaku Smart Lab 

Xray diffractometer under the standard 

conditions of Cu kα = 1.54 Å. The data was 

obtained between 5º-60º 2θ with step size of 

0.02º and was processed and analysed by 

using PANalytical X’pert Highscore plus 

software. FTIR spectroscopy was carried 

out by using AIM-9000 spectrometer 

operating in the transmittance range of 

4000-400 cm-1. Thermal analysis 

(TGA/DSC) using Mettler-Toledo 

TGA/DSC+ GmbH was used to observe the 

weight loss and decomposition of hydration 

products particularly the consumption of 

portlandite with increase in temperature 

from 0-800 ℃.  For FESEM small concrete 

chips were removed from the core of cubes 

and were used for FESEM observations 

using Zeiss Gemini-500. The specimens 

were polished, carbon coated and gold 

plated prior to FESEM analysis. 

 

3. Results and Discussion 

 

3.1. Plasticizer Demand 

The workability of all concrete mixtures 

was evaluated by using slump test. The 

slump was kept fixed at around 70 mm and 

the dosages of Super Plasticizer (SP) were 

changed depending on the demand of added 

SCM’s. Figure 5 shows the usage of 

plasticizer of all mixtures. As can be seen 

the demand of SP increased drastically with 

CNS and MK. However, the AF has 

increased the slump and hence less amount 

of SP was used. The effect of AF on 

workability can be attributed to the glassy 

surface morphology as was observed during 

FESEM analysis. Owing to this 

characteristic property, less water was used 

for surface wetting and therefore more 

water was available for assisting 

workability. This was also reported by 

Gopinathan and Anand (2018) and YB et al. 

(2021). However, the flaky and porous 

structure of MK (Khan et al., 2020) and the 

increased surface area of CNS have reduced 

the free water in matrix. In case of ternary 

and quaternary mixtures same effects were 

observed. The maximum and minimum SP 

demand was shown by M2 (20% MK and 

0.45% CNS) and M8 (20% AF), 

respectively. 
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Fig. 5. Plasticizer demand of all concrete mixtures   

 

3.2. Compressive Strength 

Compressive Strength (CS) is said to be 

one of the main characteristics of concrete 

quality. Figure 6 illustrates the CS test 

results of normal and blended concrete 

systems containing 0-0.45% CNS, 0-20% 

AF and 0-20% MK. The results reveal that 

there is significant strength difference 

between normal and modified concrete 

mixtures. The ANOVA test was performed 

and different mixture combinations were 

considered as independent variables and CS 

as dependent variable. The results are 

displayed in Table 4. Duncan’s Multiple 

Range Test (DMRT), a post hoc test for 

determination of critical comparison 

between means, was also performed. The 

results of DMRT and CS are shown in Table 

5. It is observed that concrete compositions 

are significant in CS as the P-value 

(0.000146) is very less than confidence 

level (0.05).   

Binary concrete mixtures containing 

0.45% CNS and 20% AF had CS 

comparatively higher and very close to 

normal concrete at 28 days of curing age. 

However, in Duncan test, these mixtures 

(M1 and M2) were in the same 

homogeneous group as that of normal 

concrete. It was also observed that the early 

age strength was improved (Aleem et al., 

2014; Flores et al., 2017; Hou et al., 2013) 

owing to nucleation (pore filling) and 

pozzolanic reactions, which reduced 

porosity and increased density of Interfacial 

Transition Zone (ITZ), and therefore 

increased strength development. This 

behaviour resulted due to formation of more 

complicated and dense layer of hydrates 

that covered and firmly bound the fillers 

together (Salemi and Behfarnia, 2013). The 

ternary mixture (M4) containing both CNS 

(0.45%) and AF (20%) had higher CS than 

binary mixtures and was between Groups 2 

and 3 in the Duncan’s test.  

The binary mixture M3 and ternary 

mixture M8 had CS less than the normal 

concrete with M3 in Group 1 and M8 in 

between Groups 1 and 2. The quaternary 

mixtures had highest strength values, with 

M7 between Groups 3 and 4, M5 and M6 in 

Group 4. In M6 mixture, there was an 

increase in CS of 41.81% compared to 

normal concrete mixture. The strength 

difference between M6 and M3 was 

53.17%, whereas the strength difference 

between M3 and normal concrete mixture 

was -7.42%. Similarly, the strength 

difference between M6 and M4 was 

22.26%, while the strength difference 

between M4 and normal concrete was 

15.98%. As a result of the above 

investigation, it is possible to conclude that 

the included SCM’s have a synergistic 

impact, as was also reported by Bhat and 

Naqash (2022) and Sousa and Rêgo (2021).  

The increase in strength in modified 

concrete mixes can be attributed to addition 

of CNS in system which not only behaves 

as filler but also acted as activator for 

Pozzolanic reaction of MK and AF, and 

thereby densifying the microstructure and 

increased the strength development. 
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Fig. 6. Compressive strength of concrete with and without MK, AF and CNS  
 

Table 4. Test results of ANOVA at 28 days 
Response 

variable 
Input variable 

Sum of 

squares 

Mean sum of 

squares 

F- 

value  
p-value Significance 

CS  
Mixture 

composition 
1213.04 151.63 7.9 0.000146 Yes 

 
Table 5. CS and Duncan homogeneous groups at 28 days 

Mixture Compressive strength (MPa) Standard deviation (MPa) 
Groups 

1 2 3 4 

M3 37.29 5.92 X    

M8 38.89 3.96 X X   

M0 40.28 5.18 X X X  

M1 43.87 4.93 X X X  

M2 44.68 2.07 X X X  

M4 46.72 5.63  X X  

M7 48.57 5.68   X X 

M5 56.4 0.81    X 

M6 57.12 1.28    X 

 

3.3. Microstructural Characterization 

 

3.3.1. X-Ray Diffraction 

XRD patterns of M0, M1, M2, M3, M5 

and M6 concrete mixes at 7 and 28 days of 

curing age are presented in Figures 7 and 8. 

The patterns of normal concrete indicates 

that Dicalcium and tricalcium silicates were 

observed and were still present inside the 

matrix at 28 days of age. However, the 

intensity of their peaks was less at 28 days 

compared to intensities at 7 days. The peaks 

of gypsum were not observed at 7 and 28 

days of testing; which is evidence of 

tricalcium aluminate hydration during early 

days (Black et al., 2006). The peaks 

corresponding to the portlandite phase 

increased with curing age which was 

obvious owing to hydration of silicates of 

clinker releasing CSH and portlandite. At 

28 days of testing, peak intensity of calcium 

sulfoaluminate (ettringite) decreased which 

may be due to its transformation into a more 

stable calcium aluminate hydrate form, also 

reported by Barbhuiya et al. (2015). The 

quartz phase present in the aggregates was 

also presented (Bhat and Naqash, 2022). 

Besides, carbonates were detected and their 

intensity increased with age. The 

carbonates are mainly formed due to the 

reaction of atmospheric carbon dioxide with 

hydration products (Liu et al., 2019).  

The XRD patterns of binary mixtures 

M1, M2, and M3 containing CNS, MK and 
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AF respectively as shown in Figure 7 

indicate the presence of dicalcium, 

tricalcium silicate and portlandite peaks, 

however, their peak intensities were less 

than normal concrete. The additional peak 

of Hydrotalcite was observed in mixture 

containing AF (Blotevogel et al., 2020). 

The decrease in peaks corresponding to 

silicates of clinker were credited to the 

dilution effect of MK and AF and also the 

CNS increased the hydration rate by 

increasing the nucleation site for hydration 

reaction. The decrease of portlandite peak 

indicates its consumption in pozzolanic 

reaction. 

Figure 8 shows XRD patterns of 

tetranary concrete mixtures (M5 and M6) 

containing cement, CNS, MK and AF at 7 

and 28 days of curing. The patterns 

illustrate that the peak intensity of 

portlandite was less than binary and normal 

concrete due to pozzolanic reactions of 

CNS, MK and AF with portlandite. 

Furtheremore, the peaks corresponding to 

carbonates and un-hydrated silicates 

decreased with hydration; indicating less 

carbonation of concrete with CNS, MK and 

AF. The quartz and cristobalite phases of 

fine aggregates were also observed. The 

formation of Hydrotalcite phase was 

observed, however, the peak intensity was 

lower than that of the binary mixture 

containing only Alccofine as the 

Supplementary Cementitious Material 

(SCM).  

 

3.3.2. TG/DSC Analysis 

TG analysis was used to determine the 

quantity of portlandite content in all 

mixtures. Figures 9a and 9b show the TG, 

obtained TG and DTG curves, respectively. 

From DTG curves, the peaks between the 

temperature range of 25-300 ℃ are due to 

elimination of free water, dehydration of 

hydrates, etc. Decomposition of portlandite 

in all mixtures was observed in the 

temperature range of 395-530 ℃ and the 

corresponding weight loss at this 

temperature was calculated from TG 

curves. By using stoichiometry, the total 

content of portlandite decomposed in all 

mixtures was calculated and shown in Table 

6.  The portlandite index was calculated as 

the ratio between portlandite content of 

every mixture and normal concrete mix. 

Moreover, the peaks between 580-790 ℃ 

are from the decomposition of carbonates 

and the mass loss during this temperature 

range was significant (Reddy and Naqash, 

2019).  

From the results obtained (Table 6), it 

can be seen that, portlandite content 

decreased with the incorporation of SCM’s 

in all concrete mixtures compared to 

reference mix and the maximum decrease 

was shown in M6. It was also observed that 

AF in M4 lead to decrease in portlandite 

more than MK in M3. 
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Fig. 7. XRD patterns of M0, M1, M2 and M3 at: a) 7 days; and b) 28 days  
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Fig. 8. XRD patterns of M6 at: a) 7 days; and b) 28 days  
 

Table 6. Quantification of portlandite from TG analysis 
Mixture Portlandite g/100 g of paste Portlandite index 

M0 18.67 1 

M1 17.23 0.922871 

M2 13.94 0.746652 

M3 14.27 0.764328 

M5 11.35 0.607927 

M6 10.08 0.539904 
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3.3.3. FTIR Analysis 

Infrared spectrum of all concrete 

mixtures obtained by FTIR spectroscopy 

are presented in Figure 10. The band 

observed in all mixtures at 3637-3643 cm-1 

are associated to the functional O-H bonds 

of portlandite and the asymmetric stretching 

Si-O-Si bonds of CSH (Tobermorite) are 

observed at 975-959 cm-1. These are 

consistent with the study (Aleem et al., 

2014). Comparing the mixtures, it is 

observed that normal concrete mixture has 

lowest transmittance at portlandite band and 

M6 has the highest transmittance value 

which indicates the lowest portlandite 

content (Guerrero Bustos et al., 2014; Ping 

et al., 1999). These observations can be 

attributed to the pozzolanic reactions of 

incorporated SCM’s.  Moreover, in case of 

CSH band, the highest transmittance was 

observed in normal concrete and lowest in 

case of M6 mixture which indicates the 

possibility of higher CASH content 

compared to normal concrete. The bands at 

1638-1647 cm-1 are of chemically bound 

water (H-O-H) of calcium silicate hydrates 

(Aleem et al., 2014). Stretching vibrations 

of S-O (SO4
2-) at 1068-1084 cm-1 are the 

characteristic peaks of ettringite mono-

sulfo-aluminate presence in mixtures. The 

intensity of which decreased with hydration 

and addition of SCM’s. Besides, the strong 

bending and stretching vibrations of C-O 

bonds at 875-861 cm-1 and 1393-1416 cm-1 

are of carbonates present, possibly coming 

with the aggregates or the absorption of 

atmospheric carbon dioxide during 

hydration.  
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Fig. 10. FTIR spectrum of hardened concrete of M0, M1, M2, M3 at: a) 7 days; b) 28 days; and M0, M5, M6 at: 

c) 7 days; and d) 28 days 
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3.3.4. FESEM 

The microstructure of concrete 

specimens M1, M2, M3, M4 and M6 were 

examined by FESEM and the effect at 28 

days of curing age on ITZ morphology is 

presented in Figure 11. Specimens were 

taken out from the centre of concrete 

specimens. Figure 11a shows the 

micrograph of M1 concrete specimen. It 

illustrates the porous structure and also the 

hydrated products like CSH gel, portlandite 

crystals are clearly noticeable. Between the 

hydration compounds and other solids, 

pores of variable sizes are clearly 

recognized. In contrast, the microstructure 

of M1, M2 and M3 (Figures 11b to 11d) are 

less porous, homogeneous and more 

uniform than M1. Therefore, it was 

expected that the compressive strength 

could be improved due to improved ITZ. 

Figures 11e and 11f show microstructure of 

M5 and M6 and it can be seen that the ITZ 

is more uniform, and compact compared to 

binary mixtures; which proves the 

synergistic properties of CNS, MK and AF.   

 

  
(a) (b) 

 

  
(c) (d) 

 

  
(e) (f) 

Fig. 11. FESEM images of hardened concrete microstructure at 28 days 
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3.4. Synergistic Approach of CNS, MK 

and AF 

The CNS, MK and AF combination 

could improve the strength and 

microstructure as follows: the incorporation 

of small amount of CNS particles will 

accelerate and promote the cement 

hydration by providing additional sites. The 

hydration products will deposit on these 

nano sized particles and start growing to 

form conglomerates in which the CNS 

particle acts as nucleus. By this, the 

uniformly dispersion of nanoparticles will 

enhance microstructure by uniformly 

distributing conglomerates between the 

aggregates. Besides, silica nanoparticles 

will also prevent the growth of portlandite, 

Afm and Aft crystals; which are 

unfavourable for the strength of concrete. 

Also, the nanoparticles will fill the pores 

and therefore disrupts pore structure of 

concrete, which will reduce transport 

characteristics of concrete. However, in 

case of higher CNS content, the segregation 

of CNS particles creates weak zones and 

therefore reduce the strength. While, 

incorporation of MK and AF participate in 

pozzolanic reactions with the portlandite 

and increase the CSH gel content in matrix, 

therefore, the strength further increase 

compared to binary mixtures as was 

observed in compression test.   

 

4. Conclusions 

 

For CNS-MK-AF-Cement systems 

containing up to 20% MK and AF and 0-

0.45% CNS, the following broad 

conclusions can be drawn: 

• The demand for plasticizer content 

needed for keeping the consistency of 

mixtures with and without SCM’s 

constant, increased with CNS and MK 

incorporation owing to their large 

surface area and rough surface texture 

respectively. However, AF decreased the 

plasticizer demand owing to glassy 

surface morphology.  

• CNS and AF are complementary to MK: 

CNS and AF acts as filler and nucleating 

sites for hydration reaction, thus 

improves early strength of concrete 

while MK improves later strength by 

pozzolanic reaction that refined the pore 

structure. The tetranary blended systems 

M6 proved to be more advantageous 

compared to binary, ternary and normal 

OPC system. 

• CNS along with AF and MK proved as 

better system that modifies and 

presented a denser microstructure. CNS 

and AF at early ages, acted as filler and 

also provided the nucleating sites for 

precipitation of CSH gel, portlandite and 

other hydration products. At later ages, 

CNS modified the CSH by increasing the 

length of silicate chains (Kontoleontos et 

al., 2012), AF and MK diminishes the 

portlandite content by utilizing it in 

pozzolanic reaction and filling of pores 

partially or completely especially by 

secondary CSH gel, leading to denser 

structure. 

• XRD analysis results showed reduction 

of peak intensities of portlandite with 

age as well as with replacement of CNS, 

AF and MK, confirming the utilization 

of portlandite in pozzolanic reaction and 

formation of secondary CSH gel, 

corroborating the results of FTIR and 

TGA/DSC analysis.  
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