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Abstract - Due to the expansion of construction activities and the increased threat of fires to civil structures and lives, there has 

been a need to find alternative fire-resistant materials that meet sustainability and green material standards. This study reports 

on using Colloidal Nanosilica (CNS) to modify the elevated temperature resistance of Volcanic Ash-Based Geopolymer Mortar 

(VAGPM). The volcanic ash (VA) locally sourced in Kenya was partially replaced with between 1-5% CNS by mass of VA and 

activated with sodium or potassium hydroxide and sodium silicate. The workability of the resulting mixtures was determined. 

Following a curing period of 28 days, the VAGPM specimens were exposed to temperatures ranging from 200-8000C for 

durations of 1 and 2 hours, and their compressive strengths, mass losses, volumetric changes, visual appearances, and 

microstructural properties were analysed. Results indicated that replacing VA with CNS up to 5% by mass resulted in a reduction 

in the flowability of the fresh mortar and that adding 2% CNS improved compressive strength and elevated temperature 

resistance. In contrast, higher levels did not significantly improve performance. Specimens recorded increased compressive 

strengths up to 400 and 6000C. Increasing CNS levels decreased mass loss and volume shrinkage. The samples also displayed 

changes in colour and mineralogical phases after exposure to elevated temperatures. CNS yielded a denser microstructure. 

Keywords - Colloidal Nanosilica, Elevated temperature, Geopolymer mortar, Mechano-physical properties, Volcanic ash. 

1. Introduction 
Fire is among the disasters that pose a serious hazard to 

both life and civil structures in both urban and rural settings, 

although fire is critical to human society’s evolution [1–4]. 

Each year, fire claims thousands of lives and destroys 

properties worth billions of dollars [1]. The extent of damage 

experienced by a building in a fire incident is influenced by 

both the rise in temperature and the duration of exposure to 

the fire [5]. The ability to withstand elevated temperatures 

brought on by fires is one of the fundamental safety 

requirements when designing construction projects, including 

high-rise buildings and tunnels. In these circumstances, 

materials could be subjected to elevated temperatures to assess 

their resistance [6]. Construction activities have expanded 

rapidly worldwide in response to increased infrastructural 

demand in the past two decades. Cement stands out as one of 

the most widely used materials in construction activities. 

Globally, it is estimated that approximately 2.8 billion 

tons of cement are manufactured yearly, and it is anticipated 

to increase to 4 billion tons annually by 2050 [7]. Cement 

manufacturing uses much energy since its production 

temperatures need to be raised to a range of 13500C-14500C, 

and this results in an increase in consumption of the limited 

natural mineral coal resources. Additionally, cement 

manufacture produces carbon dioxide, which contributes to 

global warming [8–12]. Research studies have reported that 

subjecting conventional cement concrete to high temperatures 

can result in damages, including colour changes in concrete as 

well as have a significant impact on its modulus of elasticity, 

compressive strength, and density, commencing at 105°C. 

Concrete can also lose up to 50% of its original strength when 

subjected to temperatures within the range of 400°C to 500°C 

due to the dehydration of calcium hydroxide [6,13–15]. The 

heated layers tend to separate and disintegrate from the cooler 
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inner layers as they reach higher temperatures [16]. The 

construction sector faces growing demands to explore 

alternative cementing materials that meet sustainability and 

green material standards [17–20]. Furthermore, the risk of 

fires has prompted a search for innovative fire-resistant 

materials to ensure structures are stable in the face of 

substantial fire incidents. In this context, geopolymers that 

utilise alumino-silicate-rich industrial wastes like fly ash or 

naturally occurring materials like natural pozzolans in 

combination with alkaline activators stand out as an 

environmentally friendly substitute to the conventional 

cement binder [21–23]. Geopolymers achieve structural 

capacity through the polycondensation process of silicon 

oxide and aluminium oxide. Therefore, geopolymers do not 

depend on the creation of calcium silicate hydrate gel for the 

development of their matrix and strength [24]. Geopolymers 

have recently gained increasing attention from scientists and 

engineers due to their environmentally friendly and 

sustainable qualities, which can help reduce greenhouse gas 

emissions [25]. Geopolymer binders produce significantly 

lower CO2, amounting to up to nine times less, and demand 

six times less operational energy consumption when compared 

with Portland cement [26]. A Geopolymer is an amorphous 

compound characterized by optimal attributes akin to rock-

forming elements, encompassing features like hardness, 

chemical stability, and durability [27]. Compared to 

conventional concrete, geopolymers have excellent thermal 

stability because of their inorganic structure [28]. At elevated 

temperatures, geopolymers display a remarkably low thermal 

conductivity and do not release harmful gases when exposed 

to heat [16]. Despite these advantages, there is limited 

research on the behaviour of geopolymer cement and mortar 

in the context of fire exposure to their surface [6]. 

Nanoparticles have recently been introduced into building 

materials to enhance their durability and physical and 

mechanical properties and improve their performances [29]. 

The word “Nanomaterials” typically refers to ultrafine powder 

that is less than 100 nm and can contain organic and inorganic 

materials [3,30]. Nanoparticles like nanosilica and nano-

alumina are crucial for enhancing the characteristics of 

geopolymers. They offer extra active nucleation sites, boost 

the pozzolanic reaction, and create a nano-filling effect, 

resulting in densification of the geopolymer microstructure 

system. This leads to significant improvement in the 

Interfacial Transition Zone (ITZ) and pore structure. This 

helps arrest cracks and provides better interlocking bonds 

between slip planes in the geopolymer matrix [16,31,32]. 

Several studies have demonstrated the effectiveness and 

use of nanosilica in cementitious composites exposed to high 

temperatures [33,34]. Nanosilica typically enhances 

compressive strength across various temperature ranges [35] 

and leads to higher residual compressive and tensile strengths 

while mitigating specimen mass loss and spalling [34]. Rashad 

and Ouda [3] employed nanosilica to enhance fire resistance 

of geopolymer pastes derived from metakaolin and reported 

that incorporating 0.5% of nanosilica resulted in a notable 

improvement of up to 9% and 10% in the compressive strength 

of the geopolymer specimens at 7 and 28 days, respectively. 

Moreover, the residual compressive strength following 

exposure to high temperatures demonstrated an average 

increase of 8.19% in contrast to the control geopolymer 

specimen without nanosilica, indicating enhanced resistance 

to increased temperatures. In another study examining the 

impact of nanosilica on the compressive strength of 

geopolymer derived from fly ash precursor material and 

subjected to elevated temperatures, Shaikh and Haque [36] 

observed that the inclusion of nanosilica improved the residual 

compressive strength, with the geopolymers having 2% 

nanosilica exhibiting the lowest reduction in mass and 

volume. Ibrahim et al. [1] noted a significant reduction in pore 

size distribution for material specimens containing colloidal 

nanosilica, suggesting the formation of denser specimens. In 

the study by Deb et al. [37], the 90-day mass loss of 

geopolymer, when immersed in an acid solution, decreased 

from 6% to 1.9% with the addition of 2% nanosilica, implying 

an enhancement in durability. 

Studies have reported that several factors influence the 

properties of geopolymers, including the mineralogical and 

chemical makeup of the starting materials, the particle sizes, 

the nature of the alkaline solution used, the curing conditions, 

the liquid-to-solid ratio, and temperatures [38,39]. The extent 

to which each aspect affects the performance of geopolymer 

materials and their interaction are gradually being examined 

with the increase in experimental studies [39]. The 

scientometric review by Paul et al. [40] identified some of the 

critical research areas for geopolymers, including the type of 

geopolymers, the Geopolymer mechanical and durability 

properties, microstructure, and their applications. 

The use of an alkaline activator is essential to dissolve Al 

and Si in the precursor, resulting in geopolymer formation. 

The careful selection of the activator is crucial since the 

activator composition results in a varying effect on the 

properties of both freshly prepared and solidified geopolymers 

[22], as well as their thermal properties [28]. Commonly used 

alkaline activator solutions include sodium hydroxide 

(NaOH), sodium silicate (Na2SiO3), potassium hydroxide 

(KOH), and potassium silicate (K2SiO3) [41]. The alkaline 

solutions supply the alkali-metal cations, raise the mixture’s 

pH, and accelerate the source material dissolution, which 

promotes geopolymer strength development [42]. At high 

temperatures, Hosan et al. [23] noted that fly ash geopolymers 

activated with potassium-based solutions exhibited greater 

thermal stability than those made with sodium-based 

activators, showing superior remaining compressive strengths, 

less reduction in mass, decreased volumetric reduction, and 

fewer cracks. Some studies found that the best activator is a 

sodium silicate solution mixed with potassium hydroxide 

[43,44].  
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The silicate solution enhances the dissolution process by 

providing Si ions in the aqueous phase, which helps in 

activating the geopolymer material precursor [45]. The silicate 

solution also leads to higher reaction rates, resulting in better 

strength and microstructure properties [22,46]. Furthermore, 

the silicate of the resulting solution provides additional silicon 

dioxide and hydroxide, ensuring that the solution has a high 

alkalinity level [47]. Different alkali activators significantly 

impact compressive strength even with no addition of a 

silicate solution [45]. According to the fire resistance study by 

Alouani et al. [7], geopolymer binders produced by KOH with 

Na2SiO3 were stable up to 600°C.  

However, at 800°C, small cracks were observed, 

increasing with a higher percentage of NaOH in the 

geopolymers. In contrast to sodium ions, potassium ions 

accelerate the condensation rate to a greater extent, leading to 

a more efficient polycondensation process which leads to the 

creation of a more compact and heat-resistant geopolymer. 

Additionally, the compressive strengths are significantly 

impacted by the alkaline activator concentration [48]. Several 

studies have also indicated that geopolymers manufactured 

from NaOH exhibit a higher compressive strength at ambient 

temperature than KOH-activated geopolymers, regardless of 

the curing condition [45]. 

Several raw materials, such as fly ash [49,50], metakaolin 

[51], volcanic tuff [16], volcanic ash [52], and blast furnace 

slag [53], containing silica and alumina bearing phases have 

been used as precursors in geopolymers. While various source 

materials can be employed in geopolymer production, the 

geopolymers produced with fly ash have garnered the most 

attention [54]. Despite the exciting applications and the ease 

with which volcanic ashes can be obtained from numerous 

untapped deposits worldwide, there has been limited research 

on their utilization [55].  

Volcanic ash is a term that specifically denotes the fine 

fragments of pyroclastic materials, each measuring less than 

2mm in size [56]. Volcanic ash deposits are approximately 

0.84% (124 million Ha) of the world’s land cover, with about 

60% of this in tropical countries [42,57]. While volcanic ash 

has been utilised as a geopolymer precursor material [58], the 

resulting specimen has shown slightly lower reactivity and 

slower strength development. It may exhibit swelling and 

some cracks compared to geopolymers resulting from 

alternative precursor materials such as fly ash [59]. 

While previous research studies have reported that 

nanosilica can enhance the properties of cementitious 

composites exposed to elevated temperatures, understanding 

the performance of volcanic ash-based geopolymers 

containing Colloidal Nanosilica (CNS) under elevated 

temperatures remains limited. The current study aims to 

address this gap by evaluating the performance of volcanic 

ash-based geopolymer mortar containing CNS in both pre-and 

post-exposure to elevated temperatures. Two different 

alkaline activators were employed: sodium hydroxide with 

sodium silicate (NaOH-Na2SiO3) and potassium hydroxide 

with sodium silicate (KOH-Na2SiO3). Geopolymer specimens 

underwent exposure to both ambient and elevated 

temperatures (200°C, 400°C, 600°C, and 800°C) for durations 

of 1 and 2 hours.  

This study assessed the impact of various CNS levels, 

ranging from 0 to 5% by weight, as a partial substitute of 

volcanic ash in both activation methods of geopolymers. 

Workability was examined for mixtures with different CNS 

levels.  

The investigation encompassed evaluations of 

compressive strengths, mass losses, volume changes, and 

alterations in the visual appearance of geopolymers to 

understand their response to elevated temperatures. 

Observations of the geopolymer's microstructure using X-ray 

Diffraction (XRD) and Scanning Electron Microscopy (SEM) 

provided additional insights into the mechanical and physical 

behaviour, as well as the various mineral phases present in the 

geopolymer. 

The current research findings contribute to the 

understanding of how CNS affects volcanic ash-based 

geopolymer behaviour pre- and post-exposure to elevated 

temperatures. The insights from the current study will be a 

valuable reference for future research on employing volcanic 

ash geopolymers with CNS in high-temperature engineering 

constructions. 

2. Materials and Methods 
2.1. Materials 

2.1.1. Volcanic Ash   

The volcanic ash used in this research was sourced from 

the Simba area in Kajiado County of Kenya, geographically 

located at 2°10’ 27.2” S and 37° 38’ 35.2” E with an elevation 

of 1000m above sea level. After collection, the ash was dried 

at 105°C for 24 hours and subsequently ground to achieve a 

particle size finer than 45µm. X-ray fluorescence 

spectrometry (XRF) was employed to analyse the chemical 

composition of the volcanic ash, and the results are presented 

in Table 1. 

Table 1. Chemical composition of (wt%) volcanic ash 

Chemical Composition (%) 

Silica (SiO2) 47.91 

Alumina (Al2O3) 14.91 

Iron Oxide (Fe2O3) 9.39 

Lime (CaO) 12.31 

Magnesium Oxide (MgO) 10.79 

Sodium Oxide (Na2O) 3.60 

Potassium Oxide (K2O) 1.47 

Phosphorus Oxide (P2O5) 0.73 
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The chemical makeup of the ash revealed that SiO2, 

Al2O3, CaO, MgO, and Fe2O3 were the principal oxides. 

Notably, SiO2, Al2O3, and Fe2O3 collectively accounted for 

72.21%, surpassing the ASTM standards' minimum 

requirement of 70% [60]. The Kenyan volcanic ash used was 

classified as basaltic since its SiO2 content was less than 

52.5% by weight [56]. The X-ray Diffraction (XRD) analysis 

patterns, illustrated in Figure 1, and the Scanning Electron 

Microscope (SEM) micrograph, shown in Figure 2, offered 

insights into the characteristics of the Kenyan volcanic ash. 

The XRD diffractograms indicated a combination of 

amorphous and crystalline phases, including augite, 

maghemite, forsterite, hematite, albite, diopside, alkali 

feldspar, and wollastonite. Certain minerals, such as augite, 

suggested that the ash could have good reactivity with the 

alkaline solutions [56,61]. The specific gravity of the ash was 

found to be 2.78. The SEM image in Figure 2 illustrates the 

irregular morphology of the volcanic ash, displaying varying 

shapes and sizes. 

 
Fig. 1 XRD patterns of VA 

[Note: Au: Augite, Al: Albite, Ma: Maghemite, Di: Diopside, Af: Alkali-

Feldspar, H: Hematite, F: Forsterite, W: Wollastonite, An: Anorthite] 

 
Fig. 2 SEM image of the VA 

2.1.2.  Alkaline Activator Solutions 

The alkali activators employed in the geopolymer 

production comprised sodium hydroxide (NaOH) solution and 

sodium silicate (Na2SiO3) solution, as well as potassium 

hydroxide (KOH) and sodium silicate (Na2SiO3) solution. The 

NaOH and KOH solutions were produced by dissolving 

analytical-grade NaOH or KOH pellets in distilled water to 

make a 10M solution. These 10M NaOH and KOH solutions 

were prepared and stored at ambient temperature for a 

minimum of 24 hours before being used. The ratio of liquid 

Na2SiO3 to NaOH or KOH solution used was 2.5. The 

properties of the alkaline activators from the manufacturer are 

outlined in Table 2. Figure 3 displays the images of the VA, 

CNS, NaOH, Na2SiO3, and KOH samples utilised in the 

experimental studies involving volcanic ash with colloidal 

nanosilica.  

Table 2. Alkaline activators properties 

Properties Sodium Hydroxide Potassium Hydroxide Sodium Silicate 

Molar mass, (g/mol) 39.997 56.11 122.06 

Silica (SiO2) (%) - - 29.55 

Sodium Oxide (Na2O) (%) - - 14.07 

Water (H2O) - - 56.38 

Specific gravity 2.13 2.04 1.53 

Colour White White Greenish to colourless 
 

 
Fig. 3 The geopolymer raw materials used in the experimental studies 
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Table 3. Colloidal nanosilica (Chemical and physical) properties 

Nanosilica 

Properties Value 

Nanosilica (%) 50.23 

Water (%) 49.77 

Specific gravity 1.395 

pH value (at 250C) 9.51 

Viscosity (sec) 10.79 

Specific surface area, SSA  

(in m2/gm) 
85 

Average particle size (in nm) 35.29 

Colour 
Transparent to cloudy 

white 

Loss on Ignition ≤1 

 
Fig. 4 The XRD plot of CNS 

2.1.3. Colloidal Nanosilica (CNS) 

Water-dispersed CNS was obtained from Bee-chems 

Chemicals Ltd., Kanpur, Uttar Pradesh, India. Table 3 gives 

the properties of the CNS. The nanoparticles had an average 

diameter of 35.29 nm. CNS has been reported to have superior 

dispersibility of silica nanoparticles compared to powdered 

nanosilica. Additionally, it exhibits better initial strength 

improvement attributed to a rapid initial hydration reaction 

[62]. Regarding the strength properties of mortar, CNS is more 

effective than agglomerated silica [63]. Figure 4 illustrates the 

XRD plot of the colloidal nanosilica. The observed broad peak 

detected at about 22° of the 2θ scale indicates the amorphous 

character of the silica. 

 

2.1.4. Fine Aggregates 

The fine aggregates utilized consisted of natural river 

sand and had a specific gravity of 2.51 and a water absorption 

rate of 2.81%, as measured in the laboratory to ASTM 

standards [64]. The fineness modulus was 2.53. Figure 5 

depicts the fine aggregate grading. The fine aggregates were 

classified as well-graded, meeting the particle size distribution 

criteria outlined in the standards [65]. 
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Fig. 5 Fine aggregates particle size grading 

 

2.2. Methods 

2.2.1. Mix Proportions 

A total of twelve geopolymer mortar mixes were 

prepared. The first mix for each activation method was used 

as the reference having volcanic ash without any content of 

CNS. The reference mixtures were marked as NS0 and KS0 

for NaOH-Na2SiO3 and KOH-Na2SiO3 activation methods, 

respectively. The other five mixtures for each activation 

method were prepared by partially substituting volcanic ash 

with CNS at 1%, 2%, 3%, 4%, and 5% by mass of VA. The 

mixes for NaOH-Na2SiO3 activation were marked as NS1, 

NS2, NS3, NS4 and NS5, respectively, while the mixes for 

KOH-Na2SiO3 activation were marked as KS1, KS2, KS3, 

KS4 and KS5, respectively. A consistent alkaline solution-to-

binder ratio (a/b) of 0.55 was maintained across all mixes. The 

49.77% water content in the CNS (See Table 3) was 

considered in the total mixing water calculation to ensure a 

constant water-to-binder ratio was maintained. The ratio of the 

ash (with and without CNS) to sand was adopted as 1:2 [66]. 

Table 4 outlines the geopolymer mix proportions per cubic 

meter of geopolymer mortar.  

2.2.2. Mixing, Casting, and Curing Procedures 

The initial step involved mixing the dry volcanic ash with 

the fine aggregates in the mortar mixer for approximately 3 

minutes. Subsequently, NaOH or KOH solution, along with 

the free water was gradually added to the dry mix, then 

followed by the addition of Na2SiO3. The mixing process 

continued for an additional 2 minutes before introducing CNS, 

at which point the mixing speed was increased and sustained 

for an additional 5 minutes. Following the mixing process, the 

flow of the mortar was assessed.  

Fresh geopolymer mortars were then cast into 50x50x50 

mm steel moulds and vibrated for 30 seconds to eliminate 

trapped air within the specimens. 

10 20 30 40 50 60 70 80
2q°
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Table 4. Mixes proportions 

Mix NS 

% 

VA 

(kg/m3) 

CNS 

(kg/m3) 

NaOH 

(kg/m3) 

KOH 

(kg/m3) 

Na2SiO3 

(kg/m3) 

FA 

(kg/m3) 

Water 

(kg/m3) 

NS0 0 631.22 0 99.19 0 247.97 1262.43 35.48 

NS1 1 624.91 12.57 99.19 0 247.97 1262.43 29.22 

NS2 2 618.60 25.13 99.19 0 247.97 1262.43 22.97 

NS3 3 612.28 37.70 99.19 0 247.97 1262.43 16.72 

NS4 4 605.97 50.27 99.19 0 247.97 1262.43 10.46 

NS5 5 599.66 62.83 99.19 0 247.97 1262.43 4.21 

KS0 0 631.22 0 0 99.19 247.97 1262.43 35.48 

KS1 1 624.91 12.57 0 99.19 247.97 1262.43 29.22 

KS2 2 618.60 25.13 0 99.19 247.97 1262.43 22.97 

KS3 3 612.28 37.70 0 99.19 247.97 1262.43 16.72 

KS4 4 605.97 50.27 0 99.19 247.97 1262.43 10.46 

KS5 5 599.66 62.83 0 99.19 247.97 1262.43 4.21 
      *VA=Volcanic ash, NS=Nanosilica, FA=Fine aggregates. The total weight of the colloidal nanosilica was calculated as CNS= (VAxCNS%-1) 0.5023⁄ .   

Vinyl sheets were used to cover the moulds containing 

freshly mixed geopolymer mortar to prevent any moisture 

loss, thus ensuring the availability of a water media to 

facilitate the exchange of the Si and Al ions in the specimens 

[67,68]. The specimens were allowed to rest for 1 hour before 

being put in an oven at 105°C for 48 hours during the initial 

heat curing process. Afterwards, the geopolymer specimens 

were demoulded, covered with plastic bags, and underwent 

additional at ambient temperature. Tests were conducted at 28 

days. 

2.2.3. Experimental Tests 

The flow of the mortar mixes was evaluated through the 

flow table method [69]. After 28 days, three cube specimens 

from each of the 12 mixes were exposed to varied levels of 

elevated temperatures, specifically 200, 400, 600, or 8000C. 

The heat was incrementally applied at a rate of approximately 

50C per minute from ambient temperature in an electric 

furnace (as illustrated in Figure 6) designed to reach a 

maximum temperature level of 30000C. Once a target 

temperature (say 200, 400, 600 or 8000C) was reached, it was 

maintained for either 1 or 2 hours, depending on the sample 

heating regime. Subsequently, the electric furnace was 

switched off, allowing the mortar specimens to cool down to 

room temperature within the electric furnace. Considering 

previous studies reported that significant changes in the 

strength and the microstructure characteristics of geopolymers 

occur within the initial two hours [70], the geopolymer 

specimens were exposed to different levels of elevated 

temperatures for either 1 or 2 hours. Exposure duration of 

more than 2hrs has little effect on geopolymers [71]. Figure 7 

illustrates the heating and cooling regimen of the specimens 

within the furnace. Additionally, a set of geopolymer samples 

from each of the 12 mixes was also left unexposed to elevated 

temperatures for comparative study. Finally, the compressive 

strengths of the test specimens were measured in triplicate, 

both pre and post-exposure to elevated temperatures following 

ASTM-C109 standards [72]. For each CNS level, exposure 

temperature level, and duration, the compressive strength of 

each of the three specimens was tested, and the average of the 

test results was reported. Mass loss, volume shrinkage, visual 

appearances, and microstructure were also determined on the 

geopolymer specimens.  

Mass changes of the geopolymer specimens were 

determined by measuring the masses pre- and post-exposure 

to high temperatures prior to the compressive strength tests. 

Volume changes were computed using calliper measurements 

taken pre- and post-exposure to elevated temperatures. 

Microstructure analysis involved grinding fragments from the 

tests, passing them through a 75µm sieve, and conducting 

XRD to detect geopolymer chemical and phase changes. 

Additionally, selected fragments from the tests underwent a 

Scanning Electron Microscope (SEM) investigation. 

3. Results and Discussions 
3.1. Workability 

Figure 8 illustrates the flow characteristics of the 

geopolymer samples with and without CNS for NaOH-

Na2SiO3 and KOH-Na2SiO3 mortar. The results revealed that 

for both activation methods, the mortar having CNS exhibited 

lower workability than the control mortar. As the level of CNS 

replacement increased, the mortar’s flow value also decreased. 

The mixtures NS0 and KS0 displayed 106mm and 115mm 

flow values, respectively. Increasing the CNS level to 5% 

showed a reduction in flow by 17.9% for NaOH-Na2SiO3 

mortar and 22.6% for KOH-Na2SiO3 mortar. The findings in 

workability showed consistency with the findings of previous 

research studies [62,73,74]. The reduction in flow could be 

ascribed to the high specific surface area of the nanosilica 

particles in comparison to the ash particles [37] and the water 

absorption potential of the silica nanoparticles [75,76], which 

in turn increases water demand. Moreover, owing to the high 

reactivity of nanosilica particles, there was a likelihood of 

water retention around them, contributing to the decrease in 

workability [3].
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Fig. 6 Electric furnace with the mortar cubes 

 
Fig. 7 Mortar cubes heating and cooling regime                                       
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Fig. 8 The impact of CNS on the workability of the VA geopolymer 

mortar 

The flow values for KOH-Na2SiO3-activated mortars 

were higher in comparison to the flow measurements of 

NaOH-Na2SiO3-activated mortars. The flow for KS0 was 

8.5% higher than the flow for NS0. Notwithstanding, the 10M 

NaOH solution contains more water when compared with 

10M KOH due to the difference in the molar masses. The 

reduced flow of mortar containing NaOH is linked to NaOH 

having a smaller Na+ cation, which may attract the 

components of both the mortar and the binder [77]. A pattern 

similar to the one recorded in the current study has been 

reported in other previous studies [75,78]. 

3.2. Initial Compressive Strength 

The 28-day compressive strength results of the NaOH-

Na2SiO3 and KOH-Na2SiO3-activated VA geopolymer 

mortars with the various CNS replacement levels are 

illustrated in Figure 9. The incorporation of CNS in the VA 

geopolymer displayed significantly elevated 28-day 

compressive strengths in specimens in comparison to the 

control mix from both activation methods. At the optimal CNS 

replacement level, the compressive strength showed 

enhancements of up to 18.4% for NaOH-Na2SiO3 activated 

geopolymer and up to 21.13% for KOH-Na2SiO3 activated 

geopolymer. The obtained results showed that 2% of CNS 

addition as a percentage of the weight of the VA precursor, is 

the optimum replacement level.  

The CNS improved the compressive strengths of the 

geopolymer specimens by providing additional active 

nucleation sites. This resulted in enhancement of the 

pozzolanic activity and the nano-filling effect leading to 

geopolymer microstructure system densification. 

Furthermore, the pore structure and the ITZ of the aggregates 

and binder may have been greatly enhanced, which helped in 

arresting cracks and providing better interlocking bonds 

between slip planes in the geopolymer matrix [16,31,32], and 

this led to the increase in the compressive strength.  

Beyond a 2% replacement level of CNS, a marginal 

improvement in compressive strength was observed for both 

geopolymers. KS5 recorded a compressive strength that was 

5.4% higher than that of KS0, and NS5 exhibited a 

compressive strength nearly equal to that of NS0. The 

measured compressive strengths were reduced by 8.1%, 

5.15%, 1.84% and 1.1% for NaOH-Na2SiO3 and 3.17%, 

12.2%, 9.05% and 5.4% for KOH-Na2SiO3 geopolymer when 

the level of CNS replacement was increased to 1, 3, 4 and 5% 

respectively for both geopolymers. The insignificant strength 

increase with the increase in NS level past the 2% optimum 

level indicates that the excess silica discharged did not 

participate in further gel formation reactions [75]. Moreover, 

the use of higher amounts of CNS reduced the compressive 

strength. This behaviour could be linked to agglomeration 

resulting from the high surface area associated with silica 

nanoparticles [10] and possibly the creation of weak zones in 

the form of voids in the mortar samples [79,80]. 
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Fig. 9 Effect of nanosilica on the 28-day compressive strength of NaOH-

Na2SiO3 and KOH-Na2SiO3 activated VA-based geopolymer mortar 

It was also observed that 10M KOH-Na2SiO3 

geopolymers had significantly lower compressive strength 

than 10M NaOH-Na2SiO3 counterparts across all 

geopolymers. The NaOH-Na2SiO3-activated geopolymer 

demonstrated the highest compressive strength, reaching 32.2 

MPa, whereas the KOH-Na2SiO3-activated geopolymer 

achieved a maximum compressive strength of 26.33 MPa. The 

superior strength of VAGPM with NaOH activator solution 

could be attributed to the smaller ionic size of sodium ions, 

rendering it more active than potassium ions, thereby 

facilitating better dissolution of the source material, leading to 

more oligomers formation than in VAGPM with KOH 

activator solution [45,81,82]. Although the potassium ion’s 

higher basicity makes it easier for surface silanol groups to 

ionise, the rate at which silica dissolves depends on how well 

the cations are hydrated. Considering that sodium ions have a 

higher charge density than potassium ions, their stronger 

hydration causes them to release more energy [83]. Research 

conducted by Sore et al. [84] linked the superior compressive 

strength of NaOH-activated Geopolymer, in comparison to 

KOH specimens, to the reduced porosity and higher 

crystallinity of the NaOH-activated Geopolymer. The 

observed superior compressive strength of NaOH-activated 

Geopolymer appears to align with previous research studies 

on geopolymers [23,36,85,86]. 

3.3. The Geopolymer Response to Elevated Temperatures 

3.3.1. Compressive and Residual Compressive Strengths 

The compressive strength results of the VAGPM 

specimens with and without CNS before and after exposure to 

various temperature levels and durations are shown in Figures 

10 and  12 for NaOH-Na2SiO3 and Figures 11 and 13 for 

KOH-Na2SiO3 geopolymers, with 1-hour and 2-hour 

durations of exposure. Regardless of the CNS replacement 

level, the activation method and the duration, the compressive 

strengths of the VAGPM specimens displayed an increase up 

to a temperature level of 6000C, apart from NaOH-Na2SiO3 

activated geopolymers exposed to 6000C for 2 hours and all 

the specimens subject to the elevated temperature of 8000C, 

which experienced a substantial reduction in their 

compressive strengths. The compressive strength for NS0 

increased by 1.1%, 7.0% and 1.5% when exposed to 200, 400 

and 600 for 1 hour, respectively. Conversely, the compressive 

strength for KS0 rose by 2.7%, 4.5%, and 6.3% after the 

samples were exposed to 200, 400, and 600°C, respectively, 

for 1 hour. The compressive strength of NS0 increased by 

2.0%, 12.8% and reduced by 4.4%, while the compressive 

strength for KS0 increased by 7.7%, 13.1% and 8.1% for 200, 

400 and 6000C, respectively, when the exposure duration was 

increased to 2 hours for both geopolymers. 

The VA mortar containing CNS showed a similar 

compressive strength behaviour with increasing temperature. 

For CNS levels 1 to 5%, the compressive strength improved 

with rising temperature up to 6000C, with the maximum 

compressive strength improvement being recorded for both 

NS2 and KS2. The compressive strength for NS2 was 

increased by 5.0%, 9.3% and 4.3%, while for KS2, strength 

was increased by 4.1%, 10.9% and 2.5%, after exposure to 

200, 400 and 6000C, respectively, for 1 hour. On increasing 

the exposure duration to 2hrs, the compressive strength for 

NS2 increased by 8.5%, 13.0% but reduced by 0.62%, while 

for KS2, strength was increased by 5.34%, 15.7% and 6.76%, 

for 200, 400 and 6000C, respectively, for both geopolymers.  

NS1, NS3, NS4, and NS5 experienced a maximum 

improvement in the compressive strength by 9.5%, 9.7%, 

11.3% and 8.1%, while KS1, KS3, KS4 and KS5 experienced 

a maximum gain in the compressive strength by 17.7%, 

14.8%, 10% and 12.1% all recorded at 4000C. The recorded 

superior residual compressive strength values for NS2 and 

KS2 may have followed the improvement in compressive 

strength recorded at ambient temperature conditions. The 

improved residual strength of the specimens with 2% colloidal 

nanosilica indicated that 2% CNS was the optimum 

replacement level. The reduced improvement in the residual 

strength with colloidal nanosilica content beyond 2% in the 

geopolymer may have been due to the agglomeration of the 

nanoparticles, thus preventing uniform dispersion [36]. The 

observed improvement in the remaining compressive strength 

with increasing temperature up to 6000C in this study points 

out improved high-temperature resistance, a behaviour that 

can be linked to the filling effect, and the increased silica 

nanoparticles reactivity in the skeleton of the geopolymer 

matrix [1,3]. Additionally, the residual compressive strength 

increase could be credited to promoted polycondensation 

between the chain-like geopolymer gels [5,87,88]. Thus, the 

current study further confirms that the optimum CNS 

replacement level is 2% for volcanic ash (VA) locally sourced 

in Kenya. While KOH-Na2SiO3 geopolymers exhibited lower 

compressive strengths at ambient temperature when compared 

to NaOH-Na2SiO3 geopolymers, it was noted that KOH-

Na2SiO3 geopolymers demonstrated a consistently higher 
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percentage of strength increase and retention across all CNS 

content levels when subjected to elevated temperatures, as 

opposed to NaOH-Na2SiO3 geopolymers. The observed 

phenomenon seems to agree with previous research studies. It 

is attributed to the densified geopolymer matrix and the 

decrease in the pore sizes, which is beneficial to strength 

improvement [36,71]. 

On a further rise in temperature up to 8000C for the 1- and 

2-hour exposure duration, a decline in the residual 

compressive strengths was recorded in all the specimens, both 

with and without CNS. The residual compressive strength of 

NS0 reduced to just 69.5% of the ambient temperature 

compressive strength while the compressive strength for KS0 

reduced to 72.2% after exposure to 8000C respectively for 1 

hour. When the duration of exposure was extended to 2 hours, 

the compressive strength of NS0 reached 66.1%, while for 

KS0, it dropped to 72.0%. The VA mortar containing CNS 

showed a similar compressive strength behaviour with 

increasing temperature. NS1, NS2, NS3, NS4 and NS5 

retained 63.6%, 71.1%, 81.8%, 80.5% and 74.5% of the initial 

compressive strength, while KS1, KS2, KS3, KS4 and KS5 

retained 77.9%, 87.4%, 75.8%, 85.1% and 77.3% when they 

were exposed to 8000C for 1 hour. 

Increasing the exposure duration to 2 hours while 

maintaining the temperature at 8000C seemed to have little 

effect on the remaining compressive strength of the KOH-

Na2SiO3 VA geopolymers. On increasing the exposure 

duration to 2 hours with the temperature level of 8000C, the 

NaOH-Na2SiO3 specimens experienced a further reduction in 

the residual compressive strength with NS1, NS2, NS3, NS4 

and NS5 retaining 58.9%, 63.0%, 69.9%, 78.1% and 70.0% of 

the initial compressive strength. 

These results indicate that the KOH-Na2SiO3 geopolymer 

specimens are relatively stable at elevated temperatures 

compared to NaOH-Na2SiO3 specimens at 8000C. Another 

significant observation was that silica nanoparticles increased 

the retained compressive strengths of the geopolymer 

specimens. However, the increase in the CNS level was 

observed to have an irregular effect regarding the residual 

compressive strengths at 800°C. 

At 800°C, the increase in the specimen paste shrinkage 

may have led to the decreased compressive strengths of the 

geopolymer [89]. Another reason for the decrease in the 

compressive strengths might have been due to the 

deterioration of the paste and the aggregate bonds resulting 

from paste contracting while aggregates expanded [33,35,88]. 

The enhancement of the residual compressive strength of the 

specimens with CNS compared to the reference specimens at 

increased temperatures may have been due to an improvement 

in the bonds between the paste and the aggregates. Previous 

research studies also reported dropping compressive strengths 

at high temperatures [2,36,90]. 
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Fig. 10 Compressive and residual compressive strengths of NaOH-                      

Na2SiO3 activated mortar with and without CNS (1hr)                                      

 
Fig. 11 Compressive and residual compressive strengths of KOH-

Na2SiO3 activated mortar with and without CNS (1hr) 

Fig. 12 Compressive and residual compressive strengths of NaOH-                  

Na2SiO3 activated smortar with and without CNS (2hr) 
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Fig. 13 Compressive and residual compressive strengths of KOH- 

Na2SiO3 activated mortar with and without CNS (2hr) 

3.3.2. Mass Loss 

Mass loss was calculated as the percentage decrease in 

mass after exposure to elevated temperatures relative to the 

initial mass of the specimen. Figures 14 (a) and (b) and Figures 

15 (a) and (b) illustrate the mass loss findings for VAGPM 

specimens, both with and without CNS, after exposure to 

elevated temperatures. The geopolymer specimens 

experienced a continuous mass loss of up to 800°C. The mass 

losses of the NS0 specimens were approximately 1.65%, 

2.9%, 4.4% and 6.6% when exposed to high temperatures of 

2000C, 4000C, 6000C and 8000C, respectively, for 1hr. When 

the duration of exposure for the same temperature levels was 

increased to 2hrs, NS0 showed approximate mass losses of 

2.3%, 3.2%, 5.34% and 6.9%. KS0 showed mass losses of 

1.41%, 2.44%, 4.2% and 5.9% for 1hr and 1.85%, 3.0%, 4.7% 

and 6.2% for 2hrs duration of exposure to elevated 

temperatures 2000C, 4000C, 6000C and 8000C respectively. 

Water evaporation and dihydroxylation have been reported to 

be the two processes triggering the reduction in mass of the 

geopolymers under elevated temperatures [71]. The decrease 

in mass at elevated temperatures has been linked to the 

evaporation of the free water in the specimen pores at 

temperatures below 1000C, water chemically bonded within 

the gel pores at temperatures between 100 and 3000C and 

finally, hydroxyl groups which vaporize when temperatures 

exceed 300°C [25,71]. Additionally, the reduction in mass of 

the geopolymer samples at 800⁰C may have been due to the 

breakdown of the geopolymer structure compounds [25]. 

From the mineralogical investigation of the mortar specimens 

using XRD in Figures 16 and 17, hydroxysodalite was 

observed in geopolymers at ambient temperature and may 

have contributed to mass loss as it has been reported by 

Lemougna et al. [91] that hydroxysodalite is known to lose 

weight continuously from 1000C to 8000C practically. The 

impact of the CNS on mass losses of the NaOH-Na2SiO3 and 

KOH-Na2SiO3 geopolymers showed that mass loss in 

VAGPM specimens with CNS was less than the mass loss of 

the reference VAGPM specimens for all the temperature 

levels and durations. The maximum mass losses at 8000C for 

the NS1, NS2, NS3, NS4 and NS5 were 5.48%, 5.15%, 5%, 

4.7% and 4.3% of the ambient temperature mass, respectively, 

while for the KS1, KS2, KS3, KS4 and KS5 they were 5.3%, 

4.9%, 4.2%, 3.4% and 3% respectively with the exposure 

duration of 1 hour. When the duration of exposure was 

extended to 2 hours while maintaining the level of temperature 

at 8000C, the mass losses for the NS1, NS2, NS3, NS4 and 

NS5 were 6.1%, 5.7%, 5.8%, 5.2% and 4.6% while for the 

KS1, KS2, KS3, KS4 and KS5 they were 5.8%, 5.4%, 5.1%, 

4.68% and 4.4% respectively. The mass losses were reduced 

with increasing CNS replacement levels. NS5 and KS5 

recorded the least mass losses in each activation method. 

This outcome can be attributed to the nanosilica having a 

high specific surface area that led to greater pozzolanic 

reactivity [92]. Additionally, it was noted that the reduction in 

mass of NaOH-Na2SiO3 geopolymers was slightly higher 

compared with KOH-Na2SiO3 geopolymers with or without 

CNS. The result indicates that VAGPM specimens produced 

with KOH-Na2SiO3 have higher thermal stability at high 

temperatures than NaOH-Na2SiO3 geopolymers. In specimens 

that utilise Na-containing activators, the breakdown appears 

to occur more quickly after firing. The rapid deterioration 

could be a result of sodium ions exhibiting a higher diffusion 

coefficient compared to potassium ions in the geopolymer 

matrix upon firing [47,93]. Increasing the exposure duration 

from 1 hour to 2 hours increased elevated temperature 

degradation of the hardened geopolymer samples for all the 

temperature levels. The findings suggest that, aside from the 

heating temperature, the heating time of the geopolymer 

specimens is a crucial factor relating to the properties of the 

geopolymers [71,94]. 

3.3.3.  Volumetric Changes 

Volume changes in geopolymers can indicate the 

fundamental response that triggers failure in a fire [94]. The 

volumetric changes of the test specimens after being exposed 

to different temperature levels are illustrated in Figures 16 (a) 

and (b) and Figures 17 (a) and (b). The findings indicated that 

higher volumetric stability was prominent in the specimens 

enriched with CNS, thus showing less shrinkage. The 

observed reduction in the volume change with increased CNS 

levels can be attributed to the filling of nanopores by the CNS, 

thus improving fire resistance. In the temperature ranges from 

ambient to the maximum 8000C, all geopolymer specimens 

showed a similar trend in the volume changes, although with 

a varying degree of change. The initial reduction in the volume 

of the specimens from ambient temperature to 4000C and 

6000C can be attributed to geopolymer structure densification 

[95], evaporation of the unbonded water in the pores at 

temperatures below 1000C, chemically bonded water in the gel 

pores at temperatures between 100 and 3000C and finally the 

hydroxyl groups which have been reported to evaporate at 

temperatures exceeding 300°C [25,71].  
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Fig. 14 Mass loss of NaOH-Na2SiO3 geopolymers after elevated temperatures 

0 200 400 600 800

0

1

2

3

4

5

6

7

M
a
ss

 L
o
ss

 (
%

)

Exposure temperature (0C)

a) 1hr heating duration

 KS0 

 KS1

 KS2 

 KS3 

 KS4 

 KS5

 

0 200 400 600 800

0

1

2

3

4

5

6

7

M
a
ss

 L
o
ss

 (
%

)

Exposure temperature (0C)

b) 2hr heating duration

 KS0 

 KS1

 KS2 

 KS3 

 KS4 

 KS5

 
Fig. 15 Mass loss of KOH-Na2SiO3 geopolymers after elevated temperatures

A sharp decrease in volume was recorded when the 

temperature was increased from 6000C to 8000C, and this may 

have brought about the residual compressive strength decline 

recorded in Figures 10, 11, 12, and 13. NS0 was characterised 

by a volumetric reduction of 2.66%, 2.78%, 3.25% and 3.58%, 

while KS0 achieved 2.19%, 2.3%, 3% and 3.33% reduction in 

volume at 200, 400, 600 and 8000C temperature levels, 

respectively, for an exposure duration of 1 hour. When the 

exposure duration was extended to 2 hours, NS0 achieved 

2.69%, 2.84%, 3.53% and 3.99%, while KS0 achieved 2.55%, 

2.69%, 3.11% and 3.47% reduction in volume for the same 

temperature levels. At 2000C, the NaOH-Na2SiO3 and KOH-

Na2SiO3 geopolymers specimens with varying CNS levels 

were characterised by a volume shrinkage of up to 2.51% and 

2.14% for 1 hour and 2.75% and 2.33% for 2 hours 

respectively. At 4000C, the NaOH-Na2SiO3 and KOH-

Na2SiO3 geopolymers specimens with varying CNS levels 

were characterised by a volumetric shrinkage of up to 2.77% 

and 2.27% for 1 hour and 2.81% and 2.48% for 2 hours 

respectively. At 6000C, the NaOH-Na2SiO3 and KOH-

Na2SiO3 geopolymers specimens with varying CNS levels 

were characterised by a volume shrinkage of up to 2.96% and 

2.89% for 1 hour and 3.04% and 2.91% for 2 hours 

respectively. 

The volume reductions at 8000C for the NS1, NS2, NS3, 

NS4 and NS5 were 3.41%, 3.23%, 3.04%, 2.94% and 2.8% of 

the ambient temperature mass, respectively, while for the 

KS1, KS2, KS3, KS4 and KS5 they were 3.16%, 3.05%, 2.9%, 

2.72% and 2.71% respectively with the exposure duration of 

1 hour. When the exposure duration was increased to 2hrs 

while maintaining the level of temperature at 8000C, the mass 

losses for the NS1, NS2, NS3, NS4 and NS5 were 3.95%, 

3.71%, 3.52%, 3.01% and 2.96% while for the KS1, KS2, 

KS3, KS4 and KS5 they were 3.21%, 3.14%, 2.96%, 2.83% 

and 2.75% respectively. At all temperatures, it was observed 

that the KOH-Na2SiO3 geopolymers specimens displayed a 

slightly lower volume shrinkage than its NaOH-Na2SiO3 

counterpart, a trend also reported in the previous studies 

[36,96].   
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Fig. 16 Volume changes for NaOH-Na2SiO3 geopolymer with varying CNS levels 
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Fig. 17 Volume changes for KOH-Na2SiO3 geopolymer with varying CNS levels 

3.3.4.  Visual Analysis of the Specimens 

The appearance of pre- and post-exposure to elevated 

temperatures for control and optimum colloidal nanosilica 

level specimens with changing exposure durations for both 

geopolymer activation methods are presented in Figure 18. 

The changes due to elevated temperatures were captured after 

carefully examining the specimens pre- and post-exposure to 

the soaring temperatures. Prior to exposing the specimens to 

the high temperatures, the specimens were generally dark 

greyish. After subjecting the geopolymer mortar samples to a 

temperature level of 2000C for 1 and 2 hours, the colour turned 

lighter and had a greyish tinge compared with the ambient 

temperature specimens. The specimens were observed to turn 

light greyish with faint beige colouration on increasing the 

temperature to 4000C. At 6000C and 8000C, the specimens 

turned pinkish/reddish brown. The KOH-Na2SiO3 

geopolymer specimens were well preserved without cracks up 

to 8000C, while some NaOH-Na2SiO3 geopolymer specimens 

displayed tiny hairline cracks at 8000C. Notably, all the 

geopolymer specimens subject to temperatures up to 8000C 

maintained their cubic shapes and presented no explosive 

spalling or bursting phenomenon. The tiny hairline cracks 

observed could be due to the thermal incompatibility between 

the aggregates and the binder paste [50], the dehydration of 

the binder paste, the release of free water in the binder paste, 

and the disintegration of the geopolymer microstructure 

caused by the elevated temperatures [53]. The observed colour 

changes in specimens at elevated temperatures may have been 

caused by the considerably high Fe2O3 content in the ash and 

the subsequent oxidisation of the iron particles at temperatures 

of 6000C and 8000C [52,89]. 

 

Additionally, the colour change could be attributed to the 

evaporating water molecules from the geopolymer matrix 

structure [7]. The mortar specimens were more identical 

regarding the temperature level and exposure duration than the 

chemical composition. In fact, the variation in both the 

activating solution and the level of colloidal nanosilica 

replacement exhibited a marginal impact on the colours of the 

specimens across the identical temperature levels of exposure.
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Fig. 18 Visual changes of geopolymer specimens under elevated temperatures 

  
                          Fig. 19 XRD pattern for NS0                                                                          Fig. 20 XRD pattern for NS2 

  
                                     Fig. 21 XRD pattern for KS0                                                                             Fig. 22 XRD pattern for KS2 

[Note: A: Albite, An: Anorthite, Au: Augite, K: Potassium Aluminium Silicate Hydrate, N: Sodium Aluminium Silicate Hydrate, H: Hydroxysodalite 

Q: Quartz] 
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3.3.5. Microstructural Analysis 

The microstructure of the VAGPM specimens was 

observed through XRD analysis and SEM to assess the impact 

of the elevated temperatures. 

X-ray Diffraction Analysis 

The XRD diffractograms of the selected reference and 

optimum CNS levels for NaOH-Na2SiO3 and KOH-Na2SiO3 

activated geopolymer specimens at room temperature and 

after high-temperature exposure are shown in Figures 19 to 

22. The diffraction patterns of the VAGPM geopolymers 

showed the existence of a large number of amorphous phases 

with some crystalline minerals like quartz, hydroxy sodalite 

and albite even before heating. Other phases included sodium 

aluminium silicate hydrate in all the geopolymers tested and 

potassium aluminium silicate hydrate in KS0 and KS2. The 

newly identified minerals might have resulted from the 

reaction between the amorphous component of the source 

material and the alkaline activator solution [97]. The broad 

peaks of the VAGPM geopolymers matrix were observed in 

the regions between 25–32 2θ. Some of the phases in the 

source material, such as maghemite and augite, seemed to 

have been consumed during geopolymerization. In contrast, 

others, like anorthite, remained relatively unaltered or 

partially dissolved. 

After the geopolymer specimens were subjected to a 

temperature of 800°C for both 1 hour and 2 hours, 

hydroxysodalite seemed to have disappeared and may have 

contributed to the mass loss of the geopolymers [91]. It was 

also observed that there was some substantial reduction in the 

intensities of some peaks, such as quartz, at elevated 

temperatures. For all the geopolymers, some initial phases, 

such as quartz, were maintained at 800°C. Additionally, the 

appearance of more albite peaks still at 800°C may have 

contributed to the strength deterioration recorded [25,98]. The 

CNS in the mix may have contributed to the rise in the quartz 

phase in the geopolymer matrix [3]. The quartz phase increase 

improved the residual compressive strength at elevated 

temperatures [71]. 

Scanning Electron Microscopy Analysis 

The SEM images of the selected control and optimum 

CNS levels for NaOH-Na2SiO3 and KOH-Na2SiO3 activated 

geopolymer specimens at ambient temperature and after high 

temperatures exposure are shown in Figures 23 to 28. The 

CNS specimens displayed a relatively more compact 

microstructure than the control specimens of both activation 

methods. The SEM images also showed that at 8000C for both 

1 and 2 hours, the specimens showed a higher porosity than 

those at ambient temperature. The arrows on the SEM images 

show voids/ pores and micro-cracks. The observed voids and 

micro-cracks may have resulted from the escape of water at 

elevated temperatures [99]. A relatively loose mortar matrix 

contributes to the compressive strength decrease recorded 

[35].

 
Fig. 23 SEM images of NaOH-Na2SiO3 samples; ambient temperature, a) NS0, b) NS2 

 
Fig. 24 SEM images of NaOH-Na2SiO3 samples at 8000C for 1hr; a) NS0, b) NS2 
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Fig. 25 SEM images of NaOH-Na2SiO3 samples at 8000C for 2hr; a) NS0, b) NS2 

 
Fig. 26 SEM images of KOH-Na2SiO3 samples at ambient temperature; a) KS0, b) KS2 

 
Fig. 27 SEM images of KOH-Na2SiO3 samples at 8000C for 1hr; a) KS0, b) KS2 

 
Fig. 28 SEM images of KOH-Na2SiO3 samples at 8000C for 2hr; a) KS0, b) KS2 
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4. Conclusion 
In the present study, the impact of colloidal nanosilica on 

the workability, initial compressive strength, and performance 

under elevated temperatures of geopolymer mortar derived 

from Kenyan volcanic ash (VAGPM), and activated using 

NaOH-Na2SiO3 and KOH-Na2SiO3 alkaline solutions, has 

been examined. The conclusions drawn from the conducted 

experimental tests and the analysed data in this study are as 

follows: 

1. Incorporating Colloidal Nanosilica (CNS) in the VAGPM 

resulted in a reduction of the workability of the mixes for 

both NaOH-Na2SiO3 and KOH-Na2SiO3 activated 

geopolymers. This reduction was ascribed to the silica 

nanoparticles having a high specific surface area, leading 

to higher water demand and a subsequent decline in mortar 

flow. The flow values are reduced with increasing CNS 

content. 

2. The flowability of VAGPM mixes with KOH-Na2SiO3 

alkaline activator was higher than that of the VAGPM 

mixes activated with NaOH-Na2SiO3, regardless of the 

presence of CNS. 

3. The optimal replacement was observed at 2% colloidal 

nanosilica, significantly improving compressive strength. 

Higher CNS content (3%, 4%, and 5%) contributed 

insignificantly to the compressive strength of the 

geopolymer specimens both pre- and post-exposure to 

elevated temperatures. The enhancement in the 

compressive strength was attributed to CNS providing 

additional active nucleation sites, introducing a nano-

filling effect, enhancing the pozzolanic reaction, and 

contributing to geopolymer microstructure densification. 

4. All NaOH-Na2SiO3 activated mixtures exhibited improved 

compressive strength up to 400°C, while KOH-Na2SiO3 

activated mixtures displayed slight improvement up to 

600°C, indicating enhanced polycondensation between 

chain-like geopolymer gels. 

5. Despite lower ambient and elevated temperature 

compressive strengths in KOH-Na2SiO3 VA geopolymers 

compared to NaOH-Na2SiO3 VA geopolymers, the former 

showed higher percentage strength increase and retention 

when subjected to elevated temperatures. This suggests 

that the VA geopolymer's compressive strength behaviour 

is affected by the nature of the activating alkali hydroxide. 

6. VAGPM specimens containing the KOH-Na2SiO3 

activator exhibited lower mass loss and volume shrinkage 

compared to the VAGPM specimens activated with 

NaOH-Na2SiO3. 

7. Prior to the elevated temperatures exposure, the VAGPM 

specimens appeared dark greyish, then turned to lighter 

and greyish tinge at 2000C, light greyish with faint beige 

colouration at 4000C, and finally pinkish/reddish brown at 

6000C and 8000C. 

8. Quartz mineral was detected in all the VAGPM samples 

both before and after being exposed to elevated 

temperatures. The addition of the CNS seemed to have 

increased the quartz phase in the geopolymer matrix. 

Others, like hydroxysodalite, seemed to have disappeared 

after exposure to the 800°C for 1 and 2 hours. CNS yielded 

a denser microstructure. 

These findings contribute valuable insights into the effect 

of CNS on volcanic ash-based geopolymer behaviour before 

and after exposure to elevated temperatures. 
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