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Abstract. The effect of admixing nanosilica on the fresh and hardened properties of natural pozzolan (NP) 
based alkali activated concrete (AAC) was examined. The workability, setting times, engineering properties, 
durability characteristics and pore structure of concrete were evaluated. In addition, the polymerization 
mechanism was assessed by SEM and XRD analysis. The results indicated that there was insignificant 
influence of nanosilica on the flow of mortar, however, the setting times of concrete were prolonged with an 
increase in the nanosilica content. The prominent phases evolved in XRD pattern were philipsite and anorthite 
which are form of C/N-A-S-H and C-(A)-S-H gel, respectively. A greater absorption of Al and Ca was observed 
in the mixes prepared with sizeable amount of nanosilica, which enhanced the microstructure and pore 
structure characterized by fewer voids (>1000 nm) and more gel pores (<10 nm). It is postulated that both the 
mechanical properties and durability are beneficially enhanced by the synergistic-interaction of NP-nanosilica. 

1. Introduction 
Ordinary Portland cement (OPC) manufacturing is an energy intensive process which contributes about 

6 % to 8 % of CO2 emissions of total greenhouse gases (GHGs) [1]. As the cement production is expected to 
grow steadily to meet the demand coupled with the stringent conditions being imposed by the global 
community to limit the GHGs emissions, the building materials research has embarked on finding low carbon 
footprint alternative binders to OPC [2]. Among various options available, alkali activated binder (AAB) has 
been extensively researched as they are synthesized utilizing industrial by-products as well as natural 
materials [1, 3–7]. The notable benefits of using AAB are environmental, economic and technical [6, 8, 9]. The 
technical benefits include high early strength and improved durability, particularly under the exposure of acid 
and sulfate environments [10–13]. 

However, the rate of strength development of AABs was found to be slow when cured at room 
temperature conditions and rapid at elevated temperature curing, particularly those binders synthesized by 
using low Ca precursor materials [14, 15]. The necessity of curing these binders at elevated temperature is to 
accelerate the setting in order to achieve sufficient structural strength leading to up-scale the technology to 
the industrial level. Hence, the synthesis of AABs that can set within the reasonable limits and gain sufficient 
strength when cured at room temperature conditions would certainly widen its application beyond the precast 
industry. 

With the aim of improving the strength gain of AABs that were synthesized using low Ca precursor 
materials when cured at lower temperatures, researchers focused on increasing the fineness of the source 
materials or blending alternative industrial byproducts and natural materials to alter the chemical and 
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mineralogical composition of the primary source materials [16, 17]. These alternative materials included; 
metakaolin, silica fume, rise husk ash and blast furnace slag, etc. The alternative materials that contained Ca 
were found to have greater influence on the fresh and hardened properties of alkali-activated concrete (AAC) 
[14, 18]. The setting time of AABs that were synthesized using low Ca precursor materials such as low Ca fly 
ash was delayed, however, inclusion of GGBFS in these mixes accelerated it [19]. This is mainly due to the 
availability of Ca in the GGBFS which quickly dissolves in water to form a binder. It has been reported that the 
final setting time of alkali activated low Ca fly ash was more than 24 hours because of slow polymerization at 
ambient conditions [19]. 

Whilst, inclusion of OPC in the mixture shortened setting time that was comparable to binder containing 
OPC alone [19]. Kumar et al. [20] studied the effect of adding 5 to 50 % replacement of fly ash with GGBFS 
on the reaction kinetics, strength development and microstructure. In another study, Temuujin et al. [16] 
investigated incorporation of CaO and Ca(OH)2 on the strength development of fly ash based concrete. They 
observed that Ca enhanced the rate of strength development. De Silva et al. [21] partially replaced GGBFS 
with metakaolin. Their results revealed that the incorporation of metakaolin delayed the final setting due to 
delay in the heat release peak. As a result of which there was marginal reduction in the strength as well. The 
enhanced fresh and hardened properties of AABs that were synthesized using fly ash/GGBFS blends was 
attributed to the formation of C-S-H along with the polymeric gel such as C/N-A-S-H [22–24]. 

Recently, nanomaterials have attracted significant interest in the building materials research. The usage 
of these materials in the cementitious binders has the potential of manipulating the material characteristics at 
nano-level, thereby enhancing the micro-level properties. It is believed that the finer materials increase the 
rate of dissolution, consequently, improving the fresh and hardened properties of cementitious binders. The 
changes in the binder structure at these levels significantly improves the macro-level properties, thus, 
providing a new functionality to the end product [25, 26]. Several studies were carried out earlier to investigate 
the use of nanomaterials in the OPC-based binders [27–32]. 

It was reported that the engineering properties of these binders were enhanced due to the usage of 
nanomaterials, particularly from nanosilica. It was reported in one of the studies that the compressive strength 
of mortars prepared with nanosilica was more than that of mortars prepared by incorporating microsilica [27]. 
The increase in the mechanical strength was attributed to the enhanced pozzolanic reaction in the mixture 
containing nanosilica. Nazari and Riahi [33] found improvement in the mechanical properties of the concrete 
due to the addition of nanosilica. They posited that superior properties were attributed to the enhanced 
formation of C-S-H. They further noticed that the microstructure of binder at 4 % nanosilica addition was dense 
and uniform compared to the other mixes. The improved properties of nanosilica-based concrete are also due 
to the fact that it plays vital role in strengthening the interfacial zone between the aggregate and paste [34]. 

The AABs are formed when the precursor materials are activated in the presence of highly alkaline 
activators to form polymeric compounds. In the process of poly-condensation, intensive three-dimensional 
structural network is formed during the formation of AAB. The chain length of the network depends on the 
reactivity of the source material. Therefore, nanomaterials could possibly play a key role in the case of AAB 
formation even more than that of OPC-based binders. Firstly, by improving the reactivity of the precursor 
materials, secondly, by forming stable longer network of three-dimensional polymeric compounds. Taking into 
account the advantages of nanomaterials, they were also used as partial replacement of fly ash, in the earlier 
studies with a view to accelerate the polymerization process during the synthesis of AAB. Phoo-ngernkham et 
al. [35] investigated the usage of nano-silica and nano-alumina on the mechanical and morphological 
characteristics of fly ash based AAB. Elsewhere, up to 10 % nano-silica was incorporated in the AAB [36]. In 
their study, 6 % nano-silica was the optimum dosage in yielding improved properties [36]. 

In an earlier study by authors, synthesis of natural pozzolan as AAB indicated potential in extensive 
utilization as precursor material in developing viable structural alkali activated concrete [37]. The strength and 
microstructural properties of NP-based AAC were enhanced by incorporating nanosilica when the binder was 
cured at room and elevated temperature [38, 39]. Also, the influence of type of alkaline activators on the NP-
based concrete was discussed in detail earlier by authors [40]. A detailed study was also reported earlier by 
authors on the influence of nanosilica on the porosity [41]. Keeping in view the enormous specific surface area 
of nanomaterials that could possibly enhance the properties of AABs in twofold. Firstly, by improving the 
polymerization products in the presence of alkaline activators that will decrease the voids in the binder 
structure. Secondly, by densifying microstructure by particle packing effect which enhances the pore structure 
of solid and maximizes the gel network. Therefore, this study aims to investigate the effect of nanosilica on 
the fresh and hardened properties of NP-based AAC focusing on the setting time and pore structure. The 
results of this study could possibly elucidate the polymerization mechanism of NP-based AAC incorporating 
nanosilica which would help in characterizing the pore structure and pore size distribution as well. 
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2. Materials and Methods 
2.1. Materials 

The oxide composition of natural pozzolan (NP) obtained from X-ray fluoresce (XRF) analysis is 
depicted in Fig. 1. The physico-chemical properties of nanosilica provided by AkzoNobel supplier are given in 
Table 1. Na2SiO3 (SS) having silica modulus of 3.3 and 14 M NaOH (SH) at a weight ratio of 2.50 was used 
to activate precursor materials. The granulometry of coarse aggregate (CA) used was conforming to ASTM 
C33 curve #8 [42] wherein 60 % of 4.75 mm, 35 % of 2.36 mm and 5 % of 1.18 mm size of aggregates were 
proportioned. The particle size distribution of the fine aggregates (FA) are summarized in Table 2. 

 
Figure 1. Oxide composition of NP by XRF. 

Table 1. Physico-chemical properties of nanosilica. 

Parameters Properties 
SiO2 99 % 
Al203 1.20 % 
TiO2 0.03 % 
Fe203 0.01 % 

pH-value 9.5 
Mean Particle size 35 nm 

Surface area 80 m2/g 
Solid matter content 50 % 

Density 1.2–1.4 g/cm3 
 

Table 2. Particle size distribution of fine aggregate. 
ASTM Sieve # Size % passing 

4 4.75 mm 100 
8 2.36 mm 100 

16 1.18 mm 100 
30 600 µm 76 
50 300 µm 10 

100 150 µm 4 

2.2. Methods 
2.2.1. Mix composition and curing 

A set of five alkali-activated natural pozzolan-based mixtures were cast by admixing 0 %, 1 %, 2.5 %, 
5% and 7.5 % of nanosilica. The following parameters were kept invariant: total binder content was 400 kg/m3, 
SS was 150 kg/m3, SH was 60 kg/m3, while FA and CA was approximately 635 kg/m3 and 1179 kg/m3, 
respectively [41]. Besides, a conventional concrete mix was also prepared having 370 kg/m3 of binder and 
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water to cement ratio of 0.45 in order to compare with AAC. AAC samples for each mix were prepared by 
firstly making liquid portion of the mixture by adding required quantities of SS, SH and colloidal nanosilica 
followed by sonication to disperse it properly. Subsequently, dry materials were introduced in the Hobart 
paddle mixer and mixed thoroughly. Afterwards, the alkaline solution was mixed until the substance became 
homogeneous. Next, the fresh concrete was filled in to the moulds in two segments and demolded after  
24 hours. All the prepared specimens were cured at the ambient laboratory condition (Temp: 23±2 °C and RH 
50+5 %) until testing.  

2.2.2. Fresh properties 
The workability was determined by conducting flow table test according to ASTM C1437 [43]. The 

setting times of concrete were determined by measuring penetration resistance in accordance with ASTM 
C403 [44]. 

2.2.3. Hardened properties 
NMR relaxometry using a GeoSpec 2–75 core analyzer was used to study the pore structure of 

concrete. The cylindrical specimens of size 40 mm diameter and 40 mm height were utilized. Prior to the test, 
specimens were fully saturated under 10 MPa pressure [45, 46]. The compressive strength, flexural strength 
and modulus of elasticity of concrete were determined according to ASTM C109 [47], C78 [48] and C469 [49] 
respectively.  

The water absorption and volume of permeable voids (VPV) were measured utilizing Ø75 mm × 150 mm 
high cylindrical specimens according to the procedure described in ASTM C642 [50]. Most importantly, 
modified rapid chloride permeability and non-steady state chloride migration coefficient were also determined 
in accordance with the procedure outlined by Noushini and Castel [8] and NT Build 492 [51] respectively, for 
all the AAC mixes along with the conventional concrete. The measurements were conducted post 28 and 90 
days of ambient temperature curing.  

3. Results and Discussion 
3.1. Influence of nanosilica on the fresh properties of binder 

The plots of penetration resistance versus elapsed time for various concrete mixes is shown in Fig. 2(a) 
to 2(f). For each plot, a befitting exponential curve was drawn and equation was obtained. Subsequently, the 
initial setting time and final setting time were computed by taking 3.5 MPa and 27.6 MPa as the penetration 
resistance, respectively. The alkaline activator, a liquid portion in the mixture, is the essential component in 
the synthesis of AABs. According to the methodology presented elsewhere to perform setting times test [52], 
ASTM C191 [53] was followed in which normal consistency was determined by adjusting alkaline activator 
content in the mixture. However, adjusting alkaline activator content in order to achieve normal consistency of 
the AAB in accordance with ASTM C191 [53] has been originally specified for OPC based binder, may not be 
appropriate to be used for AABs. This concern was also expressed by Teixeira-Pinto et al. [54]. This is 
particularly true because of the fact that the chemical ingredients present in the alkaline activator participate 
in the chemical reaction in which precursor material is transformed in to a polymeric compound such as  
C-A-S-H or N-A-S-H or both depending on the composition of the source materials [55, 56]. 

Hence, determining the setting times of AABs by utilizing concrete in accordance with ASTM C403 [44] 
which does not require liquid portion to be adjusted is more appropriate. It is also worth mentioning that the 
initial and final setting times of any binder are essentially required to plan the concreting work. Duration of 
initial setting is of importance that determines when the concrete is no longer be workable and prior to which 
consolidation and finishing works could be scheduled. Similarly, determining the final setting time of concrete 
is also important to know when the concrete can start to take the loads. 

Table 3 summarizes the initial and final setting times of the AAC incorporating nanosilica along with the 
OPC based concrete. As expected, the initial and final setting times of the OPC based concrete were less 
compared to the AAC containing variable quantity of nanosilica. The average initial setting time was in the 
range of 4 h 52 min to 6 h 37 min, while, the final setting time was between 6 h 50 min and 9 h 9 min. As 
mentioned earlier, the penetration resistance test was conducted in the laboratory conditions (at 23+2 °C and 
50+5 % RH). The quantity of lime (CaO) in the source material accelerates the setting of AAB as it dissolves 
relatively quickly compared to Si and Al [57]. Nath and Sarker [19] studied the effect of adding GGBFS on the 
fly ash based AAB cured in ambient conditions discovered that the GGBFS content accelerated the setting of 
binder. According to their results the setting of AAB prepared without GGBFS was more than 24 hours, while, 
10 % addition resulted in initial and final setting times of 290 min and 540 min, respectively. The initial and 
final setting times of AAC synthesized without nanosilica in this study was on average 4 h 52 min and 6 h 
50 min, respectively. Both the setting times were prolonged in the AAC mixtures as the NP replacement with 
nanosilica was increased. Similar results were observed in the previous research conducted by Gao et al. [58].  
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As reported in a previous study that the first step in the process of alkali activation is the dissolution of 
source material in to the highly alkaline solution [59]. When nanosilica is added in the mixture, due to an 
increase in the concentration of Si, pH of the alkaline solution drops which delays the reaction. This was also 
proven by the calorimetric studies carried out by Deir et al. [57] wherein high silica content delayed the heat 
release peak. This phenomenon has delayed the setting of NP-based binder modified with nanosilica. Another 
important factor which retarded the setting was the reduction in CaO content in the mixture when nanosilica 
was added as a replacement of NP (Fig. 1). Though the nanosilica dissolves quickly in the alkaline solution, 
this effectively retards the dissolution of Si and Al of the precursor material unless the high alkalinity breaks 
the layers to dissolve these species from the source material (Fig. 1 and Table 1). Thus, the combined 
influence of these factors played a role in delaying the setting times of NP-based AAC modified with nanosilica. 
However, the overall setting times of the AAC containing nanosilica were reasonable to be used in cast in 
place applications. 

Table 4 shows the flow of alkali activated mortar. There was marginal increase in the flow of mortar as 
the quantity of nanosilica increased in the mix up to a replacement level of 2.5 %. Beyond this replacement 
level, the workability was slightly reduced. Apparently, there was no adverse influence on the workability of 
binder due to the addition of nanosilica. At higher replacement levels, decrease in the flow of mortar could be 
attributed to the increase in water demand because of increase in specific surface area of nano particles  
(Table 1). Since the flow of mortar was between the range of 140 to 200 mm in all mixture, they are 
characterized as plastic flow as recently reported by [18]. 

 

 

 
Figure 2(a-f). Penetration resistance versus elapsed time of concrete.  
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Table 3. Setting times of various concrete mixes. 

Mix # 
Sample 1 Sample 2 

Initial setting 
time, min 

Final setting 
time, min 

Initial setting 
time, min 

Final setting 
time, min 

OPC 3 h 56 min 5 h 38 min 3 h 54 min 5 h 39 min 
0 %-nanosilica 4 h 48 min 6 h 48 min 4 h 56 min 6 h 52 min 
1 %-nanosilica 5 h 6 min 6 h 47 min 5 h 11 min 6 h 59 min 

2.5 %-nanosilica 5 h 31 min 7 h 24 min 5 h 38 min 7 h 19 min 
5 %-nanosilica 5 h 56 min 7 h 56 min 5 h 42 min 7 h 58 min 

7.5 %-nanosilica 6 h 52 min 9 h 14 min 6 h 22 min 9 h 5 min 
 
Table 4. Flow of nanosilica incorporated mortar. 

Mix # 
Flow of mortar, mm 

1 2 3 4 Average  

0 %-nanosilica 162 166 169 160 164 

1 %-nanosilica 174 167 175 165 170 

2.5 %-nanosilica 175 168 172 173 172 

5 %-nanosilica 162 159 155 155 158 

7.5 %-nanosilica 147 155 154 152 152 

3.2. Influence of nanosilica on the hardened properties of binder 
The pore structure and pore size distribution of hardened cementitious materials govern the micro- and 

macro-level properties of concrete. By and large the pores in the hardened cementitious materials are 
categorized into four types depending on the pore diameter. These are: (1) gel pores, (2) small capillary pores, 
(3) large capillary pores and (4) voids, respectively, having a pore diameter <10, 10 to 100, 100 to 1000 and 
>1000 nm [60]. The incremental porosity data obtained through the NMR relaxometry was used to calculate 
contributive porosity of the concrete specimens. The contributive porosity is defined as the proportion of certain 
category of pores with respect to the total pore volume of the solid. The contributive porosity of various 
concrete mixes is shown in the Fig. 3 and Fig. 4 that were cured for 28 and 90 days, respectively. The following 
observations were made: 

• Predominantly, the pore diameter was between 1 nm and 100 µm in the various concrete mixes. 

• After 28-day curing, the percentage of gel pores (diameter <10 nm) was 1.13 % in the control AAC 
mixture, while, they were between 2.59 % and 2.85 % in the mixes containing nanosilica. 

• However, the pores having diameter >10 nm were in greater proportion in the AAC mix prepared 
with 0 % nanosilica in relation to the mixes having 1 to 7.5 % nanosilica. 

• The extent of pores having diameter between 100 and 1000 nm were about 4 % in the 0 % nanosilica 
at 28 days, whereas 1.85, 1.98, 1.44 and 1.40 % in 1, 2.5, 5 and 7.5 % nanosilica, respectively. 

• Further, highest of about 7 % of pores having diameter more than 1000 nm were obtained in the 0 % 
nanosilica, while 4.73, 5.76, 4.33, and 3.95 % in the 1, 2.5, 5 and 7.5 % nanosilica, respectively. 

• The continuation of curing from 28 to 90 days, marginally reduced the gel pores (<10 nm) in all the 
concrete mixes, however, there was significant reduction in the volume of pores classified as voids 
(>1000 nm). This was particularly noticeable in the mixes prepared with increased nanosilica content. 

• Besides, the percentage of pores having diameter <10 nm increased with the nanosilica quantity 
increment in the mix. The quantity of these pores was twice in the nanosilica modified concrete 
compared to the control mix at 28 days. Regardless of curing period, the range of pores having diameter 
in the range of 100 to 1000 nm together with >1000 nm was proportionately reduced with an increase 
in nanosilica content in the mixture. 

Therefore, incorporation of nanosilica in the mixture resulted in higher volume of gel pores and lower 
voids. The total pore volume was in the range of 11.23 % to 18.35 % such that lowest was recorded in the 
7.5 % nanosilica modified concrete and the highest in the reference AAC batch (Table 6). The results obtained 
in this research are in good agreement with results of a study by Rodríguez et al. [61], wherein an overall 
porosity was in the range of 6.32 % to 9.75 %. Similar trend was also noted elsewhere [62]. Shaikh et al. [63] 
adduced that nanosilica forms an envelope to the aggregates consequently lowering capillary pores in the 
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adjacent matrix. A detailed discussion about the pore structure has been reported in a recent publication of 
the authors [41].  

The refinement of the pore structure in the case of binder prepared with nanosilica is possibly due to 
the enhanced polycondensation of alkaline-activated products. Evidently, as shown in the Fig. 5(a) to 5(e), the 
morphology of the binder tends to densify with an increase in nanosilica content in the alkali activated concrete 
mix. The micrograph of AAB prepared without nanosilica was relatively inhomogeneous, as shown in the 
Fig. 5(a). It appears to be composed of a non-uniform structure. Due to the termination of polymerization there 
was insufficient gel formation observed. Fig. 5(b) through 5(e) shows the micrographs of nanosilica 
incorporated mixes. Evidently, the matrix enhanced as the quantity of nanosilica is increased. The effect of 
nanosilica on the microstructure of NP-based binder has been discussed in detail in a previously published 
work elsewhere [39].  

The products formed due to alkaline-activation included a philipsite phase that was most prominent in 
the XRD patterns, as shown in the Fig. 6. It is a form of C-A-S-H gel having Na in the framework [64]. Also, 
anorthite was detected in the XRD pattern whose structure resembles with C-A-S-H gel without Na in the 
framework [64]. In addition, the phases such as, C-S-H, quartz, hematite, calcite, and zeolite-Y also appeared 
in the spectra. These are the phases which determine the nature of the binder and are responsible for imparting 
skeletal strength. The crystallinity of these phases governs the physical properties of these binders. A close 
observation at the different XRD patterns reveals that the philipsite, anorthite, C-A-S-H and zeolite-Y peaks 
were sharp and wide in the case of AAB containing higher nanosilica. Mainly, the philipsite peak around 32.7° 
and 52° 2θ is seemingly intense and wider in the case of AAB prepared with 5 % and 7.5 % nanosilica. In 
addition, the concentration of the peak at 36° 2θ associated to C-A-S-H gel was strong in the case of AAB 
prepared with more than 2.5 % nanosilica.  

The primary difference between the hydration products of OPC and AAB is that, C-S-H is formed in the 
case of former, while in the latter either Al or Na or both are absorbed in the C-S-H to form C-A-S-H or  
C/N-A-S-H [65]. It is an important gel product formed in the polymerization mechanism of AAB which is 
believed to be denser than that of C-S-H [65]. Due to the enormous specific surface area of nanosilica particles, 
reactivity may have been enhanced that promoted the polycondensation process of supplementary C-A-S-H 
phase in the binder structure [66, 67]. This is particularly true due to the fact that the ratio of Al/Si was high in 
the AAB synthesized with sizeable quantity of nanosilica according to energy dispersive spectroscopy (EDS) 
data discussed in detail by the authors [39].  

As a result of enhanced polycondensation due to superior formation of hydration products, the 
mechanical properties of the AAC prepared with partially replacing NP with nanosilica were significantly 
improved. Table 5 summarizes compressive and flexural strength along with the modulus of elasticity of AAC. 

The compressive strength of concrete was lower at 7 days in the AAC incorporating nanosilica. The 
greater quantity of nano-silica retarded strength development. On contrary, at later ages after 28 and 90 days, 
there was significant development in compressive strength noted in the 5 as well as 7.5 % nanosilica 
incorporated binder. However, slow strength gain in the AAC modified with 7.5 % nanosilica was noted which 
may possibly be attributed to embedded remnants of unreacted particles in the binder structure observed in 
the micrograph (Fig. 5). Also, the addition of higher quantity of silica believed to delay the heat release peak 
as a result of decrease in the pH [57]. It is important to indicate here that the strength gain in the nanosilica 
modified concrete was rather slow owing to the slow cross-linking of polymeric units [68].  

It is demonstrated that the cross-linking takes place faster when the AABs are cured at elevated 
temperature [68]. However, curing these binders at elevated temperature could possibly solidify the gel 
prematurely which will discontinue the dissolution of aluminates and silicates of the precursor material in to 
the alkaline solution. Thereby, terminating the process of polymerization which hampers the formation of 
polymeric units [69, 70]. This connotes that admixing nanosilica involves slow reaction kinetics at early ages, 
whereas admixing more than 5 % of nanosilica negatively affects the long-term strength development. 

Mixes prepared with admixing more than 2.5 % nanosilica also gained superior flexural strength. 
Though there was high early strength in the OPC-based concrete, it was about 60 % lower when compared 
with the 5 % and 7.5 % nanosilica added AAC cured for 90 days. The flexural strength of AAC incorporating 
nanosilica was superior to OPC-based concrete. It is to be noted that the elastic modulus of AAC of similar 
grades is lower compared to the conventional concrete (Table 5). The influence of nanosilica is clearly evident 
from the mechanical properties of AAC and an increase in the nano particles in the binder structure improved 
compressive strength, flexural strength and modulus of elasticity which corroborates the findings of total 
porosity, as demonstrated in Table 6. The total porosity was more or less proportional to the nanosilica content 
in the batch. 
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Figure 3. Contributive porosity of concrete after 28 days of curing. 

 
Figure 4. Contributive porosity of concrete after 90 days of curing. 

Table 6. Cumulative pore volume in the concrete. 

Mix # 
Cumulative pore volume, % 

28-days 90-days 
OPC 15.05 14.34 

0 %-nanosilica 18.35 17.43 
1 %-nanosilica 15.49 14.03 

2.5 %-nanosilica 13.45 11.92 
5 %-nanosilica 11.86 10.39 

7.5 %-nanosilica 11.23 9.53 
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    (a) 0 %-nanosilica                     (b) 1 %-nanosilica 

    
       (c) 2.5 %-nanosilica                              (d) 5 %-nanosilica 

 
        (e) 7.5 %-nanosilica 

Figure 5(a-e). Micrographs of AAC incorporating nanosilica. 

 
Figure 6. XRD of different AABs incorporating nanosilica.  

(Q:Quartz, CASH: Calcium Alumina Silicate Hydrate, P; Philipsite,  
C: Calcite, Z; Zeolite Y, A; Aluminosilicate, H; Hematite). 
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Table 5. Mechanical properties of various AAC mixes. 

 Compressive strength, MPa Flexural strength, 
MPa 

Modulus of Elasticity, 
GPa 

Mix # 7d 28d 90d 28d 90d 28d 90d 

OPC 24.3 35.5 36.3 4.5 4.6 24.4 25.1 

0 %-nanosilica 13.8 25.5 27.9 3.9 4.9 13.8 14.5 

1 %-nanosilica 14.2 28.4 31.4 4.2 5.1 15.2 15.9 

2.5 %-nanosilica 11.6 29.8 36.3 4.9 5.5 16.0 18.1 

5 %-nanosilica 9.4 45.0 60.6 6.2 7.5 24.0 28.7 

7.5 %-nanosilica 7.8 38.0 58.8 6.1 7.6 19.4 27.0 

3.3. Influence of nanosilica on the durability of concrete 
The water absorption and volume of permeable voids are among the very important durability 

characteristics of the hardened concrete. Water absorption in the range of 3 % to 6 % is generally categorized 
as good concrete suitable for structural applications. The water absorption of hardened AAC prepared by 
combination of NP and nanosilica after 28 and 90 days of room curing is shown in Fig. 7. It decreased as the 
nanosilica content increased in the mix. It was in the range of 4.20 % to 5.89 % and 3.52 % to 5.15 % after 28 
days and 90 days of curing, respectively. As expected, the water absorption reduced when the curing 
progressed from 28 days to 90 days. The maximum value of 5.12 % was recorded in the AAC mixture prepared 
without nanosilica, while it was about 4.85 %, 4.82 %, 3.52 % and 3.45 %, respectively, in the concrete mixes 
containing 1 %, 2.5 %, 5 % and 7.5 % nanosilica after 90 days of room temperature curing.  

The results of volume of permeable voids are shown in Fig. 8 which appears to be following similar 
trend as water absorption. The volume of permeable voids tended to lower linearly with an increase in 
nanosilica content. The water absorption and volume of permeable voids in the OPC based concrete was 
more or less similar to the results obtained for the AAC prepared with lower level of nanosilica. However, the 
percentage of water absorption and volume of permeable voids of the AAC prepared with 5 % and 7.5 % 
nanosilica was considerably lower than that of the OPC concrete as well as the control alkali activated mix.  

The results support the notion developed in SEM analysis (Fig 5) wherein enhancement in the 
microstructure was evident owing to the refinement in the pore structure attributed to the greater enrichment 
and intertwining of the polymeric compound in the nanosilica modified concrete (Fig. 6). These trends were 
reflected on the chloride permeability and migration coefficient data. There was reduction in the chloride 
permeability and the coefficient of chloride migration with an increase in nanosilica content, as summarized in 
Table 7. The chloride permeability was between 343 and 579 Coulombs in the various AAC mixes after 28 
days of ambient curing, which obviously reduced with the continuation of curing up to 90 days. The lowest 
permeability was observed in the AAC prepared with highest nanosilica content. Similar trend was observed 
in the case of chloride migration coefficient. It was in the range of 6.93 to 16.68 (×10–12) m2/s in the AAC after 
28 days of curing, lowest in the 7.5 % nanosilica and highest in the control AAC mix.  

However, the chloride permeability was lower in the OPC concrete compared to any AAC mix 
investigated in this study. Nonetheless, the chloride migration coefficient in the conventional OPC concrete 
was comparable to the 2.5 % nanosilica mixture. When the chloride permeability was carried out using 60V 
potential based on ASTM C1202, the charge passed was estimated to be about 8250 Coulombs in the fly ash 
based AAC reported by Thomas et al. [71]. The authors have expressed concern about the heat generation 
in the chloride permeability cell. However, inclusion of GGBFS in the binder improved the results. A free 
chloride diffusion coefficient in the fly ash based binder was more than 38 (×10–12) m2/s, while between 6 and 
8 (×10–12) m2/s was measured in the GGBFS modifiend concrete [71]. A study conducted by Ravikumar and 
Neithalath [72] reported a chloride migration coefficient of about 7 (×10–12) m2/s for a GGBFS content of 
400 kg/m3 activated with an alkaline activator having silica modulus of 1.5. Hence, the results obtained in this 
study are in compliance to the results reported in the earlier studies. 
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Figure 7. Water absorption of concrete. 

 
Figure 8. Volume of permeable voids of concrete. 

Table 7. Chloride permeability and migration coefficients in the AAC. 

Mix # 

Chloride permeability, 
Coulombs 

28d 
90d 

Chloride migration coefficient, 
m2/s (×10–12) 

28d 
90d 

OPC 337 323 12.43 10.44 

0 %-nanosilica 579 551 16.68 12.83 

1 %-nanosilica 549 527 14.67 12.63 

2.5 %-nanosilica 479 456 11.74 10.52 

5 %-nanosilica 348 327 8.70 7.83 

7.5 %-nanosilica 343 322 6.93 6.22 
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4. Conclusions 
The objective of this study was to evaluate the fresh and hardened properties of natural pozzolan (NP)-

based alkali activated concrete (AAC) synthesized at low temperature curing. The effect of nanosilica was 
studied by substituting varying nanosilica dosages up to 7.5 %. Following conclusions could be drawn:  

• There was positive impact of admixing up to 2.5 % of nanosilica on the workability due to lubricating 
effect provided by nanosilica and thereafter the mix tend to stiffen. 

• The setting times were retarded with increment in nanosilica content ascribed to the slow dissolution 
of Si and Al from the precursor material as well as reduction in CaO content present in NP. 

• The incorporation of nanosilica significantly improved the microstructure which consequently refined 
the pore structure by reducing voids and increasing the gel pores. There was increased absorption of 
Ca and Al attributed to enhancement in the polycondensation process. The formation of philipsite 
whose structure is similar to C/N-A-S-H contributed to strength skeleton.  

• It is postulated that the synergism of NP and up to 5 % of nanosilica significantly improves the 
mechanical properties, whereas up to 7.5 % nanosilica is beneficial for enhancing the durability 
characteristics due to both chemical as well as physical influence on the binder structure.  

It is envisioned that the effect of other nano materials, such as nano-alumina in improving the pore 
structure of NP-based AAB may also be interesting and further add value to the literature. 
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