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Fire has severe effects on concrete as it causes a significant deterioration in its properties.
Geopolymers (GP) are considered as an emerging alternative binder to Portland-cement
OPC). This paper presents an investigation of the performance of fly ash (FA) based GP-
mortars made with different alkaline solutions after exposure to elevated temperatures
(200, 400, 600, and 800 C). The main investigated parameters were the type of hydroxide
(NaOH and KOH), type of silicate (Na2SiO3 and K2SiOs), molarity levels of NaOH,
Naz2SiO3/NaOH ratios, alkaline-solution to FA ratio and sand to FA ratio. Compressive,
flexural, and indirect tensile strengths were measured before and after exposure to
elevated temperatures. Moreover, SEM analysis was conducted on GP and OPC mortars.
The results showed that performance of GP mortars containing Naz2SiOs with KOH was
better than GP mixes that contained NazSiOs with NaOH or K:SiOs with KOH after
exposure to elevated temperatures. A higher loss rate in mechanical properties after
exposure to 800°C was observed as the NaOH molarity increased. Increasing
Na2SiOs/NaOH ratio up to 2.5 caused an increase in the mechanical properties, while
increasing that ratio from 2.5 to 3 caused higher loss in the mechanical properties of GP
mortars. After exposure to 800 °C, sand to FA ratio of 2 and alkaline solution to FA ratio
of 0.5 gave higher residual strengths than the other ratios. Behavior of GP mortar was
found to be better than OPC mortar after exposure to elevated temperatures. SEM images
showed that the structure of the GP mortar, after exposure to elevated temperatures, was
denser than that of the OPC mortar. Empirical equations capable of predicting the residual
mechanical properties of GP-mortars made using different alkaline solutions with good
correlation have been proposed.

1 Introduction

Concrete is considered as the most widely used construction material due to its low cost, ease of fabrication, acceptable
strength, good durability, good fire resistance, and no combustibility properties [1-3]. Ordinary Portland cement (OPC) is used
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in manufacturing concrete to provide its strength. OPC industry causes the emission of CO; because of the usage of fossil fuels
and decomposition of limestone [4]. The ecological balance is affected by the calcination of limestone and ignition of fossil fuel
as about one ton of CO; is released for every one ton of OPC manufacturing [5-7]. This reflects the impact of global warming
[8] and resulted in noticeable environmental changes overall the world [9, 10]. Clear climate changes in many countries cause
fires and droughts in some areas, requiring alternative materials for OPC. One of the recent methods to reduce CO- emission is
the production of geopolymers [11].

Geopolymer concrete (GPC) has attracted considerable attention research during recent years due to its environment
friendliness, early compressive strength, high mechanical properties, low permeability, excellent durability, and good fire
resistance [12-14]. Geopolymer (GP) is an alternative binding agent that is formed by the reaction of aluminosilicate source
material, such as fly ash (FA), metakaolin (MK), and ground granulated blast furnace slag (GGBFS), with an alkaline solution,
such as sodium hydroxide (NaOH) or potassium hydroxide (KOH) and soluble silicates such as sodium silicate (Na,SiOs) or
potassium silicate (K.SiO3) [13-15]. The alkaline hydroxide solution is necessary for the dissolution of aluminosilicate sources
while silicate solution works as an alkaline activator, plasticizer, and binder [16, 17]. The dissolved Al,O3 and SiO; species
undergo geopolymerization to form an amorphous alumina-silicate network with strength similar to or higher than that of OPC
concrete [13, 18]. Recently, GP and GPC have become increasingly popular research areas because of their high mechanical
properties [13, 19-22] and good durability properties [19, 23-24].

Fire is a major societal hazard which is associated with the built environment. Structural concrete members must satisfy
appropriate fire safety requirements specified in building codes [25]. The performance of traditional concrete at elevated
temperatures is necessary when evaluating the durability of concrete [26, 27]. When cement concrete is exposed to elevated
temperatures, dehydration of cement paste occurs where the calcium hydroxide begins to decompose at 300-400 °C, while
calcium carbonate decomposes at 700 °C and melts at 800 °C [26, 28]. The different thermal expansion between the cement
matrix and the coarse aggregates also causes deterioration of concrete when exposed to high temperatures. When the temperature
exceeds 500 °C, the compressive strength of concrete usually drops by 50% to 60% [29]. Increase in porosity, thermal creep,
and thermal spalling are also of the most important effects of fire on concrete [30].

The behaviour of GP subjected to elevated temperatures is significantly studied nowadays [13, 31-33]. Previous studies on
GP found that GP exhibited good resistance to elevated temperatures and good thermal stability because of its inorganic
framework [34]. Rashad and Zeedan [35] concluded that the recorded relative residual compressive strengths of FA-based GP
pastes made with low, medium, and high concentrations of sodium silicate reached 665.9%, 258.6%, and 70.5% after exposure
to 1000 °C, respectively.

Sitarz et al. [36] studied the mechanical properties of FA-based GP mortar after exposure to elevated temperatures. Residual
compressive strength values of GP mortar were 123%, 62%, and 42% of the initial values after exposure to 200 °C, 400 °C, and
600 °C, respectively. Saxena et al. [37] recorded compressive strength ranging from 12.8 to 34 MPa for GP mortars made with
different raw materials (FA or GGBFS or calcined clay) after exposure to 800 °C.

Mathew and Joseph [38] and Junaid et al. [39] found that the residual compressive strengths of FA-based GPC after exposure
to 600 °C and 800 °C were in the range of 53-54% and 57-58%. Kong and Sanjayan [40] and Zhang et al. [26] found that residual
compressive strengths of FA-based GPC were about 41.5% and 56.3%, respectively after exposure to 800 °C. FA-based GPC
was found to be better than OPC concrete when subjected to elevated temperatures [41]. Sarker et al. [42] compared the residual
compressive strength of high and normal strength FA-based GPC with OPC concrete after exposure to elevated temperatures
and it was found that the residual strength of the GPC after exposure to 400 °C, 650 °C, 800 °C, and 1000 °C is higher than that
of OPC concrete.

The type of alkaline solution and its content in the GP system are significant in determining the room-temperature
mechanical properties as well as the high-temperature properties [16]. The FA geopolymer paste containing potassium (K-based)
activator exhibited higher residual compressive strengths than the sodium (Na-based) activator paste [43, 44]. Shaikh and Hosan
[45] compared between using Na-based and K-based activators in steel fibre reinforced geopolymer concrete (SFRGC). Residual
compressive strength of Na-based SFRGC and K-based SFRGC was 60% after exposure to 800 °C. Albadawy et al. [46] studied
the effect of NaOH molarity, Na;SiO3s/NaOH ratios, and alkaline solution/FA ratios on the compressive strength after exposure
to 200 °C, 400 °C, 600 °C, 800 °C, and 1000 °C for 2 hrs. The results showed that when molarity=16, Na,SiOs/NaOH ratio=2.5,
and alkaline to FA ratio=0.4 gave the highest compressive strength after exposure to 1000 °C.
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Average percentage of mass loss for FA-based GPC cylinders was 2.86% after exposure to hydrocarbon fire test due to loss
of moisture [47]. Hosan et al. [43] found that the mass loss of Na-based GP paste is slightly higher than that of K-based GP
paste. Hager et al. [48] observed that the mass was released at the highest rate at a temperature of approximately 80 - 110 °C
while between 200 °C and 400 °C, chemically bound water was released and dehydration began. Between 400 °C and 600 °C,
dehydroxylation of hydroxyl groups occurred [45].

Exposure to elevated temperatures affects the microstructure of GP in many ways due to crystallization and sintering. It is
widely acknowledged that variation in mechanical properties of geopolymers is mainly attributed to changes of inner
microstructure. Lahoti et al [31] in their review discussed the microstructure changes in GP when exposed to elevated
temperatures. Many studies used SEM analysis to study and understand the behaviour of OPC or GP systems when exposed to
elevated temperatures at early ages [31, 42, 44, 49, 50].

Sarker et al. [42] found that the microstructure of GP specimens became denser with the increase of fire temperatures up to
1000 °C because more geopolymerization of FA has occured. Zhang et al. [26] observed through the SEM analysis of ambient
cured GPC that it has a large amount of unreacted FA than heat cured GPC. The amounts of unreacted FA particles were few
after exposure to 800 °C. After exposure to 1000 °C, the microstructure has fewer impurities, and it reveals a smoother texture
due to the melting, viscous flow and sintering of unreacted FA particles and amorphous aluminosilicate gels [26].

To the author’s knowledge, rare studies were conducted to study and compare the influence of different alkaline solution
types besides other parameters, like silicate to hydroxide ratio and alkaline solution to FA ratio, on the physical and mechanical
behaviour of GP mortars after exposure to elevated temperatures [43-45]. It will be helpful to engineers in deciding the level of
deterioration for GP-mortar cast with different alkaline solutions under fire. Moreover, several research have studied the
behaviour of GP at the early ages, but limited studies were conducted to study the fire performance of GP at later ages as fire
often occurs at long-term ages. This paper aims to study the performance of different GP mortars after exposure to elevated
temperatures up to 800 °C at the age of one year. The main investigated parameters were the molarity level of NaOH, the
Na,SiO3/NaOH ratios, the alkaline solution to FA ratios, and sand to FA ratios. Also, the effect of using KOH and K,SiO3z was
studied.

2 Experimental Procedure
2.1 Materials

Low-calcium Fly Ash (FA), class F as specified in ASTM C618 [51], with a specific gravity of 2.4 was used in this study
as the basic aluminosilicate material to manufacture geopolymer mixes. XRF test was performed on the FA to determine its
chemical analysis as shown in Table 1.

Ordinary Portland cement (OPC) CEM1 42.5N, with a specific gravity of 3.15, complied with the requirements of EN 196-
1 [52] was used. The initial and final setting times of the OPC were 95 and 220 minutes, respectively. OPC was used for the
preparation of the control mortar mix to be compared with GP mortar. XRF test was performed on the OPC to determine its
chemical analysis as shown in Table 1.

Alkaline activators in this investigation consisted of alkali silicate and hydroxide solutions. Grade D Sodium silicate
(NazSiOs) with specific gravity of 1.5 and containing SiO,= 29.4%, Na;O = 14.7% and water=55.9%, was used in some mixes.
Potassium silicate (K2SiO3) with a specific gravity of 1.32 and containing K,O= 13%, SiO2= 27%, and water= 55%, was used
in some GP mixes. Sodium hydroxide (NaOH) and Potassium hydroxide (KOH) were in pellets form with 98% and 90% purity,
respectively. Hydroxide solutions were prepared with the required molarity by dissolving hydroxide pallets with tap water 24 h
before mixing. Hydroxide solution and silicate solution were mixed 2 h before mixing.

The fine aggregate used in this study was medium well graded quartz sand, complied with ECP 203 [53] and ASTM C33
[54]. The physical properties of the used sand are shown in Table 2. Moreover, the grain size distribution curve of the used sand
is presented in Fig. 1.

Potable tap water according to the requirements of ECP 203 [53], with a pH value of 7.5 was used for preparing the
hydroxide solutions, mixing and curing of the OPC mortar mix.
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Table 1 - Chemical composition of FA and OPC

Compound SiO2 Al203 Fe203 CaO Na20 K20 MgO P20s SOs TiO2 Lol

Class F fly 60.30 27.57 4.95 1.19 0.01 1.08 0.24 0.52 0.04 231 055
ash

Cement 23.00 5.25 3.15 64 0.44 0.15 - - 3.01 - 5.1

100
920
80
70
60

50
—&— used sand

% PASSING

40

30 —@— lower limit ECP
203/2020
20 —a&— upeer limit ECP
10 203/2020
0
0.15 03 0.6 125 2.36 4.75

SIEVE SIZE (MM)
Fig. 1 — Grading of sand

Table 2 - Physical properties of the used sand

Property Value
Specific gravity 2.55
Unit weight t/m?3 1.75
Void ratio % 31.37
Fineness modulus 2.34
Clay and fine matter % 0.5
Water absorption % 0.9

2.2 Mix Proportions

To evaluate the effect of elevated temperatures on different FA-based GP mortars, 19 mixes were prepared (organized in
10 groups) as shown in Table 3. The first group investigated the effect of NaOH molarity (12M, 14M, and 16M), the second
group investigated the effect of Na,SiO3 to NaOH ratios (2, 2.5, and 3), the third group investigated the effect of sand to FA
ratios (1.5, 2, 2.5, and 3), and the fourth group investigated the effect of the alkaline solution to FA ratios (0.4, 0.5, and 0.6). To
study the effect of elevated temperatures on GP mortars made with different alkaline solutions, groups 5, 6, 7, 8, and 9 were
designed to compare between using Na,SiOz with NaOH (NN mixes), Na.SiO3; with KOH (NK mixes) and K;SiO3 with KOH
(KK mixes). Other parameters including silicate to hydroxide ratio, alkaline solution to FA ratio, and sand to FA ratio were also
investigated in groups 5 to 9 as described in Table 3. Group 10 compared between GP and OPC mortars after exposure to
elevated temperature. OPC mortar mix was designed to give a compressive strength of 42.5 MPa.

2.3 Mixing Procedure, Casting, and Curing of Specimens

Firstly, FA and sand were dry mixed together in a rotary mixer for 2 min to ensure homogeneity of the mixture. Then, the
alkaline solution was added and mixed for another 4 min as shown in Fig. 2. After mixing, flow test of the fresh mortar was
conducted to evaluate its consistency according to ASTM C1437 (2020) [55] as shown in Fig. 3. The specimen moulds were
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cast, and the compaction was carried out on a vibrating table for 30 s as shown in Fig. 4. After that, the moulds were covered
and kept at room temperature (25 + 3 °C and 60 + 5 % RH) for 24 h as a rest period, then the specimens were heat cured at
60 °C for 48 h, followed by air-dry curing for 24 h at an ambient temperature (25 & 3 °C and 60 & 5 % RH) before stripping.
After the curing period, the samples were de-moulded and left at room temperature (25 + 3 °C and 60 + 5 % RH) until testing
after one year. The mixing process used for OPC mortar was similar to the mixing of GP mortar. The OPC mortar was removed
from moulds after 24 h and cured by immerging in tap water for 28 days, then OPC specimens were left open to room temperature
(25 £ 3°Cand 60 £ 5 % RH) up to testing after one year. For each mix, eighteen 40x40x160 mm prisms were cast to evaluate
the flexural and compressive strengths. Also, eighteen 50x100 mm cylinders were cast to evaluate the indirect tensile strength.

Table 3 - Mix proportions of the investigated mixes (ratio by weight)

Investigated Si type/ Si/ Sand / Al wic
Group Mix ID* Binder 9 *k yp : x w0 Flow
parameter OH type OH binder - .
ratio
NN-Si2.5-
som0512M A 12 NSINH 25 2 05 - 55
Group NN-Si2.5- )
1 S2/A0.5-14M FA Molarity 14 NS/NH 2.5 2 0.5 - 50
NN-Si2.5-
som05-16M A 16 NSINH 25 2 05 - 45
NN-Si2-
s2A05-14M A . 14 NS/NH 2 2 05 - 70
Group NN-Si2.5- .
2 som05-14am A hyc::siﬁlde 14 NSINH 25 2 05 - 50
NN-Si3-
som05-14m A 14 NSNH 3 2 05 - 40
NN-Si2.5-
S15/A05-14M A 14 NS/NH 25 1.5 0.5 - 80
NN-Si2.5-
FA 14 NS/NH 2. 2 , )
Group  S2/A0.5-14M Sand to FA S/ 5 05 50
3 NN-Si2.5- ratio
S25/A05-14M A 14 NSINH 25 25 05 - 40
NN-Si2.5-
s3A05-14am A 14 NSINH 25 3 05 - 30
NN-Si2.5-
soA04-1aM TR i 14  NSINH 25 2 04 - 35
Group NN-Si2.5- ;
4 somosiaq A soltionto 14 NSINH 25 > 05 - 50
- FA ratio
NeSi2.o- FA 14 NSINH 25 2 06 - 90
S2/A0.6-14M : .
NN-Si2.5-
s2/A05-14M A 14 NSINH 25 > 05 - 50
Group NK-Si2.5- Alkaline
5 S2/A0.5-14M FA soutiontype 24 NS/KH 25 2 05 - 100
KK-Si2.5-
s2m05-14am A 14 KSKH 25 2 05 - 150
NN-Si3- _
S2/A0.5-14M FA Soﬁlt?s:?;pe 14 NS/NH 3 2 0.5 - 40
Group NK-Si3- -
6 S2/A0.5-14M FA (S|I|cate? to 14 NS/KH 3 2 0.5 - 100
KK-Si3 hydroxide
FA ratio = 3) 14 KS/KH 3 2 0.5 - 150

S2/A0.5-14M
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NN-Si2.5- Alkaline

FA 14 NS/NH 25 2 0.4 - 35
S2/A0.4-14M solution type
Group NK-Si2.5- (alkaline
7 s2A041aM TN somtionte 4 NSKH 25 2 04 80
KK-Si2.5- FA ratio=
syp04-1am A 0.4) 14 KSKH 25 2 04 - 110
NN-Si2.5-
FA i 14 NSINH 2 2. : - 4
Group S2.5/A0.5-14M Hydroxide s/ 5 5 0.5 0
8 NK-Si25 type (sand to
$25/A05-1aM A FA=3) 14 NSKH 25 25 05 - 60
NN-Si2.5- Hydroxide
Group S2/A0.6-14M FA type (alkaline 14 NS/NH 2.5 2 0.6 - 90
’ stz FA SISKJ trI:;?ot—o 14 NSKH 25 2 06 - 120
S2/A0.6-14M = : :
0.6)
Group S;Z(_)Séii-,w FA gpo;r:][;agr;gg: 14 NSINH 25 3 05 - 30
10 OPC cement mortars - - - 3 - 0.5 50

*The mix ID was designed to explain the type of used silicate and hydroxide solutions. Also mix proportions were mentioned
in the ID. For example, mix NN-Si2.5-S2/A0.5-14M was made using Na2SiO3 and NaOH solutions (NN), Na2SiO3/NaOH
ratio (Si) is 2.5, sand (S) to FA ratio is 2, alkaline solution (A) to FA ratio is 0.5 and the NaOH molarity (M) is 14.

**M is the molarity of hydroxide solution
*** AJ/FA is the alkaline solution to FA ratio

***% \W/C is the water to cement ratio

Fig. 2 — Mixing GP mortars Fig. 3 — Flow test of GP mortars

a) 0x4x160 mm prisms b) 50x100 mm cylinders

Fig. 4 — Casting and vibrating the GP mortar mixes
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a) Fire curve b) Mortar specimens inside the furnace

Fig. 5 — Heating of GP mortars
2.4 Elevated Temperature Exposure Regime

The specimens were exposed to elevated temperatures at the age of one year after casting. Specimens were heated in an
electrical heater furnace. For each mix, three prisms and three cylinders were exposed to 200 °C, 400 °C, 600 °C, and 800 °C
according to the fire rate shown in Fig. 5-a. The temperature was sustained at target temperature for 2 h before the specimens
were allowed to cool naturally to room temperature inside the furnace. Fig. 5-b shows the specimens inside the furnace.

2.5 Physical and Mechanical Tests
Percentage of weight loss of GP mortar was measured for each mix by measuring average weight of three prisms before

and after exposure to 200 °C, 400 °C, 600 °C, and 800 °C then substitution in Eq. 1 as follows:

. Average weight before exposure— Average weight after exposure
Percentage of weight loss = $ ge weight bef 4 ge weight af L4 ) x 100 Q)

(Average weight before exposure )

Compressive, flexural, and indirect tensile strengths were measured before and after exposure to 200 °C, 400 °C, 600 °C,
and 800 °C at the age of one year. Flexural strength was determined according to EN 196-1 [52] by taking the average strength
of three prisms as shown in Fig. 6-a. Compressive strength was determined according to EN 196-1 [52] by taking the average
strength of six half-prisms as shown in Fig. 6-b. Indirect tensile test was carried out according to ASTM C496 [56] by taking
the average strength of three cylinders as shown in Fig. 6-c.

Scanning Electron Microscopy (SEM) was performed on 4 mixes of GP mortars and the OPC mortar mix to investigate the
change in microstructure before and after exposure to 800 °C.

iy 0
N R g

a) Flexural test setup b) Compression test setup c) Indirect tension test setup

Fig. 6 - Mechanical properties setup for GP mortars
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3 Results and Discussion
3.1 Physical Properties of GP Mortars

Figure 7 illustrates the percentage of mass loss of the GP and OPC mortar mixes. Generally, the percentages of mass loss
of GP mortar mixes varied between 1.5% and 3.6% after exposure to 200 °C. These reductions are associated with water
evaporation [46, 57]. Mass loss of GP happens in four parts: a) evaporation of water and hydroxyl groups, b) decomposition of
GP components, such as calcium hydroxide, c) change phase to nepheline, and d) the stage that the weight losses become
unchanged [58].

At 400 °C, the percentage of mass loss remarkably increased for GP mortar mixes. Ranjbar et al. [58] indicated that this
loss happens due to the beginning of de-hydroxylation of Al>,(OH); at 285 °C and dehydration of chemically bounded water at
above 300 °C. Also, the weight loss at about 400 °C may be caused by energy release, the loss of OH groups during the phase
change and the decomposition of sodium carbonate formed by atmospheric carbonation of unreacted NaOH [58]. At 600 °C and
800 °C, the percentage of mass loss increased slightly due to the beginning of melting [48].

Mix NN-Si2.5-S2/A0.5-14M recorded the least mass loss value at different elevated temperatures as shown in Fig. 7-a.
Increasing sand/FA ratio and alkaline solution/FA ratio adversely affected the mass loss values. GP mortar mix NN-Si2.5-
S3/A0.5-14M was more stable than OPC mortar where the mass loss of OPC and GP mortars after exposure to 800 °C reached
8.1% and 4.95%, respectively.

Taking into consideration the type of alkaline solution, using K-based solution is better than using Na-based solutions as
shown in Fig. 7-b. This result is compatible with Hosan et al. [43] as it was concluded that the mass loss in using Na-based
solutions in GP paste was higher than in using K-based solutions.

3.2 Mechanical Properties of GP Mortars

Compressive, flexural, and indirect tensile strengths of GP mortar mixes were measured as the mechanical properties at
ambient temperature and after exposure to elevated temperatures at the age of one year. Generally, it was observed that all
strengths started to decrease gradually after exposure to 200 °C, 400 °C, 600 °C, and 800 °C. Contrary to what was mentioned
in some other studies where compressive strength of GP mortars or concrete was increased after exposure to 200 °C and 400 °C
[42, 44, 46]. This increase was interpreted as due to the completion of the geopolymerization process as specimens were exposed
to elevated temperatures at early ages, 7 or 28 days.

In this research, specimens were exposed to elevated temperatures at the age of 365 days. Thus, the geopolymerization
process has been fully completed and this will be explained through the SEM analysis. The change in physical and mechanical
properties are discussed below.

3.2.1  Compressive strength

3.2.1.1 Effect of Sodium Hydroxide Molarity

Compressive strength of GP mortar mixes of group 1 at ambient temperature and after exposure to elevated temperatures
are presented in Fig. 8-a. Increasing molarity of NaOH enhanced the compressive strength for the unexposed specimens where
mix NN-Si2.5-S2/A0.5-16M recorded a compressive strength higher than that of mix NN-Si2.5-S2/A0.5-12M by about 12.8%.

These results are compatible with Ghazy et al. [59]. Compressive strength of all mixes decreased gradually with increasing
the elevated temperatures as presented in Fig. 8-a. After exposure to 200 °C and 400 °C, residual compressive strength for mix
NN-Si2.5-S2/A0.5-14M was about 93.5% and 79%, respectively. After exposure to 800 °C, residual compressive strength of
mixes NN-Si2.5-S2/A0.5-12M, NN-Si2.5-S2/A0.5-14M, and NN-Si2.5-S2/A0.5-16M was about 36.3%, 38.8%, and 28.5%,
respectively. Increasing molarity of NaOH from 12 to 16 M negatively affected the residual compressive strength. Shaikh and
Vimonsatit [41] observed that the rate of loss of compressive strength after 600 °C is high in GPC containing high molarity of
NaOH.
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Fig. 7 — Mass loss of different GP and OPC mortars after exposure to elevated temperatures

3.2.1.2 Effect of Sodium Silicate to Sodium Hydroxide Solution Ratio

Figure 8-a presents the compressive strength of GP mortar mixes of group 2. At ambient temperature, increasing the
Na,SiO3/NaOH ratio from 2 in mix NN-Si2-S2/A0.5-14M to 2.5 in mix NN-Si2.5-S2/A0.5-14M caused increase in the
compressive strength by about 13.26%. On the other hand, increasing that ratio from 2.5 to 3 in mix NN-Si3-S2/A0.5-14M
caused decrease in compressive strength by about 10.4%. After exposure to 200 °C and 400 °C, residual compressive strength
of mix NN-Si2.5-S2/A0.5-14M was 93.5% and 79%, respectively. After exposure to 800 °C, residual compressive strength of
mix NN-Si2.5-S2/A0.5-14M was 38.8% while it was 36.6% and 31.8% for mixes NN-Si3-S2/A0.5-14M and NN-Si2-S2/A0.5-
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14M, respectively. Increasing the Na,SiOs/NaOH ratio from 2.5 to 3 negatively affected the compressive strength either before
or after exposure to elevated temperatures. Albadawy et al. [46] reported that when the Na,SiO3s/NaOH ratio is more than 2.5
the compressive strength tended to decrease as the dissolved precursors tend to form zeolites which are weaker in compressive
strength

3.2.1.3 Effect of sand to FA Ratio

Figure 8-a shows the compressive strength of GP mortar mixes of group 3 where the mortar mixes contained sand to FA
ratios of 1.5, 2, 2.5 and 3. Mix NN-Si2.5-S2/A0.5-14M had the maximum compressive strength for the unexposed specimens
as it recorded 70.13 MPa. Increasing sand/FA ratio from 1.5 to 2 resulted in increasing the compressive strength either before
or after exposure to elevated temperature. On the other hand, increasing the sand/FA ratio from 2 to 2.5 and 3 caused a decrease
in compressive strength either before or after exposure to elevated temperature. After exposure to 800 °C, residual compressive
strength of mixes NN-Si2.5-S1.5/A0.5-14M, NN-Si2.5-S2/A0.5-14M, NN-Si2.5-S2.5/A0.5-14M and, NN-Si2.5-S3/A0.5-14M
were 23%, 27%, 20.4% and, 20.7% respectively.

3.2.1.4 Effect of alkaline solution to FA Ratio

Compressive strength of GP mixes of group 4 is also shown in Fig. 8-a. For the unexposed specimens, increasing alkaline
solution to FA ratio (A/FA) from 0.4 to 0.5 led to a slight increase in compressive strength by 2%. This increase is a result of
more geopolymerization of FA particles. On the other hand, increasing A/FA ratio from 0.4 to 0.6 led to decrease in compressive
strength by 13%. After exposure to 200 °C, the residual compressive strengths were about 95.5%, 93.5% and 76% for mixes
NN-Si2.5-S2/A0.4-14M, NN-Si2.5-S2/A0.5-14M and NN-Si2.5-S2/A0.6-14M, respectively. After exposure to 400 °C, 600 °C
and 800 °C, it was noticed that as the A/FA ratio increases, the compressive strength decreases with increasing the exposure
temperature. This trend was expected as increasing the alkaline solution ratio leads to more pores in the structure of GP mortars
[46].

3.2.1.5 Comparing of Geopolymer and OPC Mortar Mixes

Figure 8-a shows the compressive strength of GP and OPC mortar mixes. The behavior of GP mortar before and after
exposure to elevated temperatures was clearly better than OPC mortar and this is compatible with Shaikh and Vimonsatit [41]
and Albadawy et al. [46]. After exposure to 800 °C, residual compressive strength of mix NN-Si2.5-S3/A0.5-14M and OPC
mortar mix were 37.4% and 24.4% respectively.

3.2.1.6 Comparing Geopolymer Mortar Mixes with Different Alkaline Solution Types

Figure 8-b shows the compressive strength of GP mortar mixes made with different alkaline solutions in groups 5, 6, and 7.
For group 5, unexposed specimens of mix NN-Si2.5-S2/A0.5-14M recorded a compressive strength of 70.1 MPa, while mix
KK-Si2.5-S2/A0.5-14M recorded 50.3 MPa. Ghazy et al. [59] also reported that compressive strength of NN and NK mixes are
higher than KK mix. After exposure to 200 °C, compressive strength of mixes NN-Si2.5-S2/A0.5-14M and NK-Si2.5-S2/A0.5-
14M decreased by about 6.5% and 11%, respectively while compressive strength of mix KK-Si2.5-S2/A0.5-14M decreased by
only 1.5%. After exposure to 400 °C, 600 °C, and 800 °C, the compressive strength decreased gradually. After exposure to 800
°C, residual compressive strength of mix NK-Si2.5-S2/A0.5-14M was 54% compared to 38.8% and 48.7% for mixes NN-Si2.5-
S2/A0.5-14M and KK-Si2.5-S2/A0.5-14M, respectively. GP mortar mixes containing potassium exhibited less strength loss
after exposure to elevated temperature. Lahoti et al. [44] also found that K-based and Na-K based GP were more stable than Na-
based GP under elevated temperatures up to 900 °C.

In group5, another comparison of using different solutions but with silicate to hydroxide solution ratio of 3 can be discussed.
At ambient temperature, compressive strength of NN and NK GP mixes was higher than KK-based GP mortar by about 57%.
After exposure to 800 °C, GP mortar mixes containing K exhibited less strength loss as the residual compressive strength of
mixes NN-Si3-S2/A0.5-14M, NK-Si3-S2/A0.5-14M and, KK-Si3-S2/A0.5-14M were 36.6%, 47.5% and, 63.7% respectively.
Comparing group 5 with group 6 in Fig. 8-b, increasing the silicate to hydroxide solution ratio from 2.5 to 3 negatively affected
the compressive strength values for mixes NN-Si3-S2/A0.5-14M and KK-Si3-S2/A0.5-14M either before or after exposure to
elevated temperatures. For mix NK-Si3-S2/A0.5-14M, the effect was noticeable.
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Fig. 8 — Compressive strength of the investigated GP mortars as affected by elevated temperatures

Figure 8-b shows the compressive strength of GP mortar mixes of group 7. At ambient temperature, Mix NN-Si2.5-S2/A0.4-
14M recorded the maximum compressive strength when compared to mixes NK-Si2.5-S2/A0.4-14M and KK-Si2.5-S2/A0.4-
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14M. after exposure to 800 °C, residual compressive strength of the three mixes was convergent as it was in the range of 44.5-
49%,

The compressive strength of mixes in groups 8 and 9 is also shown in Fig. 8-b. Compressive strength of mixes NK-Si2.5-
S2.5/A0.5-14M and NK-Si2.5-S2/A0.6-14M were higher than those of mixes NN-Si2.5-S2.5/A0.5-14M and NN-Si2.5-
S2/A0.6-14M, respectively especially after exposure to elevated temperature. These results from groups 5 to 9 show that the
behavior of GP mortars containing Na,SiOz with KOH is better than using other solutions in agreement with Lahoti et al. [44].

3.2.2  Flexural strength

3.2.2.1 Effect of Sodium Hydroxide Molarity

Figure 9-a shows the flexural strength of GP mortar of group 1. For the unexposed specimens, increasing molarity of NaOH
from 12 to 16 lead to an increase in flexural strength by 16.7%. Ghazy et al. [59] also reported that increasing NaOH molarity
up to 16 leads to an increase in flexural strength for NN mixes. Flexural strength of the three mixes was decreased by about 17-
20% after exposure to 200 °C.

After exposure to 400 °C, the residual flexural strength was 43%, 70% and 56% for mixes NN-Si2.5- S2/A0.5-12M, NN-
Si2.5-S2/A0.5-14M and NN-Si2.5-S2/A0.5-16M, respectively. After exposure to 600 °C and 800 °C, the flexural strengths kept
decreasing and the residual flexural strength of mixes NN-Si2.5-S2/A0.5-14M and NN-Si2.5-S2/A0.5-16M were 24% and
13.8% after exposure to 800 °C, respectively.

3.2.2.2 Effect of Sodium Silicate to Sodium Hydroxide Solution Ratio

Increasing Na,SiOs/NaOH ratio from 2 to 2.5 led to increasing the flexural strength before exposure to elevated temperatures
as shown in Fig. 9-a. On the other hand, increasing Na;SiOs/NaOH ratio from 2.5 to 3 led to decreasing the flexural strength.
After exposure to 200 °C, residual flexural strength of mixes NN-Si2.5-S2/A0.5-14M and NN-Si3-S2/A0.5-14M was 83% and
93% respectively.

After exposure to 400 °C, 600 °C, and 800 °C, the residual flexural strength of GP mortar mix with Na2SiO3/NaOH of 2.5
was higher than GP mortar mix with Na,SiO3/NaOH of 3. After exposure to 800°C, residual flexural strength of mixes NN-
Si2.5-S2/A0.5-14M and NN-Si3-S2/A0.5-14M was 24% and 16% respectively. These results are compatible with the
compressive strength results.

3.2.2.3 Effect of sand to FA Ratio

Figure 9-a shows the flexural strength of GP mortar mixes of group 3. Unexposed specimens of mix NN-Si2.5-S2/A0.5-
14M had the highest flexural strength. Increasing sand/FA ratio from 1.5 to 2 resulted in increasing the flexural strength either
before or after exposure to elevated temperature.

On the other hand, increasing the sand/FA ratio from 2 to 2.5 and 3 caused decrease in flexural strength either before or
after exposure to elevated temperature. After exposure to 8000 C, residual flexural strength of mix NN-Si2.5-S2/A0.5-14M was
24%, while it was 14.5% and 17% for mixes NN-Si2.5-52.5/A0.5-14M and NN-Si2.5-S3/A0.5-14M, respectively.

3.2.2.4 Effect of Alkaline Solution to Fly Ash Ratio

Flexural strength of GP mortar mixes in group 4 is presented in Fig. 9-a. For the unexposed specimens, mix NN-Si2.5-
S2/A0.6-14M recorded the lowest value of flexural strength as it has the highest A/FA ratio. With increasing the elevated
temperature, the flexural strength decreased gradually for the three mixes. After exposure to 800 °C, mix NN-Si2.5-S2/A0.5-
14M recorded a flexural strength value of 2.29 MPa which is higher than the flexural strength of mixes NN-Si2.5-S2/A0.4-14M
and NN-Si2.5-S2/A0.6-14M.

3.2.2.5 Comparing GP and OPC Mortars

Figure 9-a shows the flexural strength of GP and OPC mortars before and after exposure to elevated temperatures. Once
again, behaviour of GP mortar mix is better than OPC mortar mix either before or after exposure to elevated temperatures.
Flexural strength of mix NN-Si2.5-S3/A0.5-14M and OPC mortar was 1.12 and 0.85 MPa after exposure to 800 °C, respectively.
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Fig. 9 — Flexural strength of the investigated GP mortars as affected by elevated temperatures



436 JOURNAL OF MATERIALS AND ENGINEERING STRUCTURES 10 (2023) 423-447

3.2.2.6 Comparing GP Mortar mixes with Different Alkaline Solution Types

Figure 9-b show the flexural strength of GP mortar mixes made with different alkaline solutions in groups 5-9. Using mix
of Na,SiO3; and NaOH solution in control group (group 5) gave the highest flexural strength value at ambient temperature. After
exposure to elevated temperatures, the flexural strength decreased whatever the type of the solution.

After exposure to 400 °C, flexural strength of mixes NN-Si2.5-S2/A0.5-14M, NK-Si2.5-S2/A0.5-14M and, KK-Si2.5-
S2/A0.5-14M decreased to 70.7%, 63.9% and 61.9% of the original strength, respectively. After exposure to 800 °C, residual
flexural strengths of mixes NN-Si2.5-S2/A0.5-14M, NK-Si2.5-S2/A0.5-14M, and KK-Si2.5-S2/A0.5-14M were 24%, 28.5%
and, 19.4% respectively. Using KOH enhanced the behaviour of GP mortars under elevated temperatures.

In group 6; mix NK-Si3-S2/A0.5-14M recorded higher values of flexural strength either before or after exposure to elevated
temperatures as shown in Fig. 9-b. Flexural strengths of mixes NN-Si3-S2/A0.5-14M, NK-Si3-S2/A0.5-14M and KK-Si3-
S2/A0.5-14M after exposure to 800 °C were 1.17, 1.46 and 1.05 MPa, respectively. Comparing groups 5 and 6, increasing
silicate to hydroxide ratio from 2.5 to 3 negatively affected the flexural strength whatever the type of alkaline solution.

For group 7; mix NK-Si2.5-S2/A0.4-14M recorded the highest flexural strength at ambient temperature as shown in Fig. 9-
b. After exposure to 200 °C and 400 °C, residual flexural strengths of mix KK-Si2.5-S2/A0.4-14M were 92% and 60%, while
it was 87.6% and 56.4% for mix NK-Si2.5-S2/A0.4-14M, respectively.

After exposure to 800 °C, residual flexural strengths of the three mixes were similar. Comparing groups 5 and 7, initial
flexural strength of GP mortar mixes with A/FA ratio of 0.4 was higher than that of GP mortar mixes with A/FA ratio of 0.5.
With the exposure to elevated temperatures of 200 °C, 400 °C, 600 °C and, 800 °C, the percentage of residual flexural strength
of GP mortar mixes with A/FA ratio of 0.5 was higher than that of GP mortar mixes with A/FA ratio of 0.4 as more
geopolymerization occurred.

Figure 9-b shows that flexural strength of GP mortar mix NK-Si2.5-S2.5/A0.5-14M is higher than that of mix NN-Si2.5-
S2.5/A0.5-14M before and after exposure to elevated temperatures. Residual flexural strength of mix NK-Si2.5-S2.5/A0.5-14M
after exposure to 800 °C was about 19.3%, while it was 14.3% for mix NN-Si2.5-S2.5/A0.5-14M.

Figure 9-b shows the flexural strength of GP mortar mixes NN-Si2.5-S2/A0.6-14M and NK-Si2.5-S2/A0.6-14M. Flexural
strength of the two mixes was approximately the same before exposure to elevated temperatures.

After exposure to 400 °C, the flexural strength of mix NK-Si2.5-S2/A0.6-14M was higher than that of mix NN-Si2.5-
S2/A0.6-14M. After exposure to 800 °C, residual flexural strength of mix NK-Si2.5-S2/A0.6-14M was 25.7% while it was
24.7% for mix NN-Si2.5-S2/A0.6-14M.

3.2.3  Indirect tensile strength

3.2.3.1 Effect of Sodium Hydroxide Molarity

Indirect tensile strength values of GP mortar mixes of groupl are shown in Fig. 10-a. In accordance with compressive and
flexural strength results, unexposed specimens of mix NN-Si2.5-S2/A0.5-16M recorded the highest indirect tensile strength.

After exposure to elevated temperatures, indirect tensile strength decreased gradually. Residual indirect tensile strength of
mix NN-Si2.5-S2/A0.5-14M was 40.5% and 24% while it was 32.4% and 20.1% for mix NN-Si2.5-S2/A0.5-16M of the
unexposed state after exposure to 600 and 800 °C, respectively.

3.2.3.2 Effect of Sodium Silicate to Sodium Hydroxide Solutions Ratio

Indirect tensile strengths of GP mortar mixes in group 2 are shown in Fig. 10-a. Unexposed specimens of mix NN-Si2.5-
S2/A0.5-14M recorded the highest indirect tensile strength compared to mixes NN-Si2-S2/A0.5-14M and NN-Si3-S2/A0.5-
14M.

After exposure to elevated temperatures, indirect tensile strength decreased slightly and reached about 65.6%, 68.5% and
67% of the original strength for mixes NN-Si2-S2/A0.5-14M, NN-Si2.5-S2/A0.5-14M, and NN-Si3-S2/A0.5-14M after
exposure to 400 °C, respectively. After exposure to 800 °C, residual indirect tensile strength of mix NN-Si2.5-S2/A0.5-14M
was 24%. Increasing Na,SiOs to NaOH ratio from 2 to 2.5 was more effective than the increase from 2.5 to 3.
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3.2.3.3 Effect of sand to FA Ratio

Increasing sand/FA ratio from 1.5 to 2 led to an increase in the indirect tensile strength before and after exposure to elevated
temperatures as shown in Fig. 10-a. On the other hand, increasing sand to FA ratio from 2 to 2.5 caused a decrease in the indirect
tensile strength. Increasing that ratio from 2.5 to 3 has no significant effect on indirect tensile strength. Percentage of residual
indirect tensile strength of mix NN-Si2.5-S2/A0.5-14M is about 24% of the original strength after exposure to 800 °C.

3.2.3.4 Effect of Alkaline solution to FA Ratio

Increasing A/FA ratio from 0.4 to 0.5 had a slight effect on the indirect tensile strength either before or after exposure to
elevated temperatures as shown in Fig. 10-a. Increasing A/FA ratio from 0.5 to 0.6 caused a decrease in the indirect tensile
strength due to the increase in the pores of the GP microstructure.

3.2.3.5 Comparing Between Geopolymer and OPC Mortars

Figure 10-a shows the indirect tensile strength of GP mortar mix NN-Si2.5-S3/A0.5-14M and OPC mortar. The indirect
tensile strength of unexposed GP mortar specimens is higher than that of OPC mortar by 157.8%. After exposure to 200 °C, 400
°C, 600 °C, and 800 °C, indirect tensile strengths decreased gradually for both GP and OPC mortars. After exposure to 800 °C,
the indirect tensile strengths of GP mortar mix NN-Si2.5-S3/A0.5-14M and OPC mortar were 1.12 and 0.7 MPa, respectively.

3.2.3.6 Comparing Geopolymer Mortar Mixes with Different Alkaline Solution Types

Fig. 10-b shows the indirect tensile strength for control mixes made with different alkaline solutions, group 5. For the
unexposed specimens, mix NN-Si2.5-S2/A0.5-14M recorded the highest indirect tensile strength followed by mix NK-Si2.5-
S2/A0.5-14M and mix KK-Si2.5-S2/A0.5-14M, respectively.

After exposure to elevated temperatures, the indirect tensile strength was gradually decreased. After exposure to 800 °C,
residual indirect tensile strength of mix NK-Si2.5-S2/A0.5-14M, NN-Si2.5-S2/A0.5-14M, and KK-Si2.5-S2/A0.5-14M were
33.9%, 24% and 25%, respectively.

Indirect tensile strengths of unheated GP mortar mixes of group 6 were 4.98, 4.8, and 3.27 MPa for mixes NN-Si3-S2/A0.5-
14Mm NK-Si3-S2/A0.5-14M, and KK-Si3-S2/A0.5-14M, respectively as shown in Fig 10-b. After exposure to 400 °C, the
indirect tensile strengths for mixes NN-Si3-S2/A0.5-14M, NK-Si3-S2/A0.5-14M, and KK-Si3-S2/A0.5-14M were decreased to
about 67%, 66%, and 57% respectively. After exposure to 600 and 800 C, the decreasing rate of mix NN-Si3-S2/A0.5-14M was
higher than that of mix NK-Si3-S2/A0.5-14M. Comparing the results of this group with group 5, increasing silicate to hydroxide
ratio from 2.5 to 3, whatever type of solution, caused a decrease in the indirect tensile strength.

Figure 10-b shows the indirect tensile strength of GP mortar mixes of group 7. At ambient temperature and after exposure
to 200 and 400°C, the indirect tensile strength values of mixes NN-Si2.5-S2/A0.4-14M and NK-Si2.5-S2/A0.4-14M were
convergent.

After exposure to 600 °C and 800 °C, mix NK-Si2.5-S2/A0.4-14M recorded indirect tensile strength higher than that of mix
NN-Si2.5-S2/A0.4-14M. Mix KK-Si2.5-S2/A0.4-14M recorded the lowest values of indirect tensile strength either before or
after exposure to elevated temperature. Decreasing A/FA ratio from 0.5 to 0.4 caused a slight increase in the indirect tensile
strength

Figure 10-b shows the indirect tensile strength of mixes NN-Si2.5-S2.5/A0.5-14M and NK-Si2.5-S2.5/A0.5-14M in groups
8. After exposure to 200°C, indirect tensile strength of mix NK-Si2.5-S2.5/A0.5-14M was higher than that of mix NN-Si2.5-
$2.5/A0.5-14M by 2.7%.

After exposure to 800°C, percentage of the indirect tensile strength of mix NK-Si2.5-S2.5/A0.5-14M was 34% while it was
27.8% for mix NN-Si2.5-S2.5/A0.5-14M.

Figure 10-b shows the indirect tensile strength of mixes NN-Si2.5-S2/A0.6-14M and NK-Si2.5-S2/A0.6-14M in group 9.
Changing the type of hydroxide did not have a clear effect on the indirect tensile strength up to exposure to 600 C.

After exposure to 800°C, the percentages of residual indirect tensile strength for mixes NN-Si2.5-S2/A0.6-14M and NK-
Si2.5-S2/A0.6-14M were 21% and 25%, respectively.
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Fig. 10 — Indirect tensile strength of the investigated GP mortars as affected by elevated temperatures
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3.3 Proposing empirical equations to predict the residual mechanical properties of geopolymer mortar after fire

Empirical equations to predict the residual mechanical properties of GP mortar at various elevated temperatures are very
useful in the design of GP mortars at fire. To the authors’ knowledge, there is no available models to predict the mechanical
properties of GP mortars at elevated temperatures, especially in case of using different alkaline solutions. Figures 11-a to 11-c
show the residual compressive strength of mixes NN-Si2.5-S2/A0.5-14M, NK-Si2.5-S2/A0.5-14M, and KK-Si2.5-S2/A0.5-
14M after exposure to elevated temperatures.

A linear relationship is observed between residual compressive strength and the elevated temperatures with a high
correlation coefficient R2 exceeding 0.9 but with different slopes and different intersects parts. The linear equation of any mix
is in the formula f/cT / fc = A — B*T, where A is a constant that presents the intersecting part of the vertical axis as well as the
initial strength, B is a constant that presents the slope of the linear relationship between residual strength and elevated
temperatures as well as the degradation rate of strength with temperature. These constants were found to be dependent on the
alkaline solution type.

All GP mortars were having the same trend but with different values of A and B. Also, the residual flexure and indirect
tensile strengths were found to have a linear relationship. Average values of the constants A1 and B1 for compressive strength,
A2 and B2 for flexural strength, and A3 and B3 for indirect tensile strength were taken for each type of the used alkaline solution
as shown in Table 4.

Empirical equations can be proposed as given in Eg. (2), Eq. (3), and Eq. (4) for compressive, flexural, and indirect tensile
strengths of GP mortars made with different alkaline solutions, respectively. Moreover, to investigate the accuracy of the
introduced equations, the actual vs predicted values of the compressive, flexural, and indirect tensile strengths were plotted in
Figure 12. Three lines including the line of perfect values as well as two lines shifted +20% from the perfect line are drawn. It
can be seen from the figures that the most of data points are lying between the two reference lines within £20% bound.

Fler = Fe (AL - B1*T) @
Flrr = Fr (A2 — B2*T) ®)
Fler = Fi (A3 — B3*T) )

where, Flcr = compressive strength at elevated temperature, T (MPa)

F. = compressive strength at ambient temperature (MPa)

F'rr = flexural strength at elevated temperature, T (MPa)

F¢ = flexural strength at ambient temperature (MPa)

F'ir = indirect tensile strength at elevated temperature, T (MPa)

F: = indirect tensile strength at ambient temperature (MPa)

T= elevated temperature value ('C)

Al=1.0447 in case of NN-based solution; = 1.0404 in case of NK-based solution; and = 1.029 in case of KK-based solution
A2=1.0201 in case of NN-based solution; = 1.0464 in case of NK-based solution; and = 1.0661in case of KK-based solution

A3= 1.0375 in case of NN-based solution; = 1.0123 in case of NK-based solution; and = 1.0177 in case of KK-based
solution

B1= 0.00081 in case of NN-based solution; = 0.0007 in case of NK-based solution; and = 0.00063 in case of KK-based
solution

B2=0.00108 in case of NN-based solution; = 0.0011 in case of NK or KK-based solution
B3=0.00105 in case of NN-based solution; = 0.00094 in case of NK-based solution; and = 0.00103 in case of KK-based solution.
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3.4 Visual inspection of geopolymer and OPC mortar mixes

Figures 13 shows some GP and OPC mortar specimens after exposure to 600 and 800 °C, respectively. Up to 600 °C no
cracks or color change were observed in the GP or OPC specimens’ surface. After exposure to 800 °C, GP mortar specimens
suffered from some little surface cracks due to the evaporation of free water from pores, contraction of pores and development
of cracks that resulted in overall shrinkage of the GP mortar specimens [44]. On the other hand, OPC specimens have many
wide surface cracks. Color changed from gray to light red in GP mortars. This change of color may be attributed to oxidation of
iron in the FA [60]. Lahoti et al. [44] observed that after 900 °C, the GP paste samples turn reddish-brown. It was observed that
the NK and KK-based GP mixes exhibited slightly more reddish color than the NN-based mix. This observation was also
recorded by Shaikh and Hosan [45].

Table 4. Constant values of the linear relationship between strengths and elevated temperatures.

Compressive strength Flexural strength Indirect tensile strength
Mix ID

Aq B R? A; B> R? Az Bs R?

NN-Si2.5-S2/A0.5-14M 1.047 0.0008 0.9659 1.0047 0.001 0.9805  1.0465 0.0011 0.99
NN-Si2.5-S2/A0.5-12M 1.0685 0.0008 0.9766 1.0415 0.001 0.993 1.0534 0.0011  0.9947
NN-Si2.5-S2A/0.5-16M 1.0304 0.0009 0.9995 0.9941 0.0012 0.9649 1.0707 0.0011  0.9725
NN-Si2-S2/A0.5-14M 1.0743  0.0009 0.9478 0.9905 0.001 0.9858 1.0578 0.001 0.9884
NN-Si3-S2/A0.5-14M 0.9799  0.0008 0.9501 1.0563 0.0012 0.9456 1.0306 0.0011 0.969
NN-Si2.5-S2.5/A0.5-14M  1.0648  0.0007 0.9593 1.0474 0.0011 0.9867 1.0279 0.001 0.9966
NN-Si2.5-S1.5/A0.5-14M  1.0707  0.0009 0.8995 1.0418 0.0011 0.9855 1.0149 0.001 0.9993
NN-Si2.5-S3/A0.5-14M 1.0767  0.0008 0.9316 1.0688 0.0011 0.9877 0.9981 0.0009  0.9818
NN-Si2.5-S2/A0.4-14M 1.0783  0.0007 0.8841 1.0147 0.0011 0.9988 1.0661 0.0011  0.9857
NN-Si2.5-S2/A0.6-14M 0.9568 0.0008 0.948  0.949 0.001 0.9057 1.0086 0.0011  0.9678

Average 1.04474 0.00081 0.946 1.0201 0.00108 0.973 1.0375 0.00105 0.985

KK-Si2.5-S2/A0.5-14M 1.0681  0.0007 0.9476 1.0585 0.0011 0.9913 1.0178 0.001 0.993
KK-Si3-S2/A0.5-14M 0.9997  0.0005 0.9867 1.0662 0.0011 0.989  1.0039 0.001 0.984
KK-Si2.5-S2/A0.4-14M 1.0193  0.0007 0.9937 1.0737 0.0011 0.9828 1.0315 0.0011  0.9923

Average 1.0290 0.00063 0976 1.0661 0.0011 0.988 1.0177  0.00103 0.99

NK-Si2.5-S2/A0.5-14M 1.0179 0.0006 0.9886 1.0572 0.001 0.9825  1.001 0.0009 0.9724
NK-Si3-S2/A0.5-14M 0.9758  0.0007 0.9687 1.1015 0.0012 0.96 1.0054 0.0009  0.9697
NK-Si2.5-S2.5/A0.5-14M  1.0605 0.0006 0.9695  1.05 0.0012 0.9544 1.0352 0.001 0.9602
NK-Si2.5-S2/A0.4-14M 1.069 0.0008 0.8998 1.0513 0.0011 0.981 1.0221 0.0009  0.9984
NK-Si2.5-S2/A0.6-14M 1.0788  0.0008 0.9285 0.9719 0.001 0.9428 0.9976 0.001 0.9507

Average 1.0404 0.0007 0951 1.0464 0.0011 0964 1.0123 0.00094 0.97

OPC 1.045 0.001 0.992 1.0583 0.0011 0.99 1.0127 0.001 0.9862
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3.5 Microstructure of geopolymer and OPC mortar mixes (SEM analysis)

The microstructure of GP and OPC mortars at ambient temperature are shown in Fig. 14. At the age of 28 days, it is observed
that all GP mortar samples have some unreacted FA particles. Zhang et al. [61] found that FA geopolymers were loose in
microstructure and contained a large number of spherical unreacted FA and a small amount of voids at room temperature. The
percentage of the unreacted particles in mixes NK-Si2.5-S2/A0.5-14M and KK-Si2.5-S2/A0.5-14M were less than that in mix
NN-Si2.5-S2/A0.5-14M, which indicates that the use of KOH led to better geopolymerization.

Figures 14-d and 14-g of mixes NK-Si2.5-S2/A0.5-14M and KK-Si2.5-S2/A0.5-14M show some small micro-cracks in the
dense matrix resulted from water evaporation during preparation and curing process. The semi-sphered surface was the gap
between unreacted particles and GP binder. It can be seen that some unreacted particles were surrounded by needle or stripe-
shaped substances due to high concentration of alkaline solution [34].

At the age of 365 days, few unreacted FA particles were observed which means that further geopolymerisation have been
occurred. This observation explains the reduction in mechanical properties of GP mortars after exposure to different elevated
temperatures as no more geolymerisation will take place.

For the OPC mortar it can be seen in Fig. 14-j that a needle-like structure is visible, which indicates the presence of ettringite.
Also, portlandite (plate-like shape) and CSH (sheet-like structure), which are the major hydration products, are shown in Fig.
14-j.

After exposure to 800 °C, an increase in pore size was observed in the microstructure of different GP mortars. The pores
within the GP mortars started to connect, and no unreacted FA particles were observed. The structure of GP mortars became
loose and honeycomb-shaped as shown in Figs. 14-f and 14-i. Similar behaviour was observed by Jiang et al. [34] and Razak et
al. [62]. For the OPC specimen, the matrix started to crumble and disintegrate. Heavy damage to the specimen was observed
after the exposure to 800 °C, as shown in Fig. 14-k, due to the complete dehydration.

a) NN-Si2.5-S2/A0.5-14M, 600 € b) NK-Si2.5-S2/A0.5-14M, 600 T ¢) KK-Si2.5-S2/A0.5-14M, 600 T

d) NN-Si2.5-S2/A0.5-14M, 800 C  e) NK-Si2.5-S2/A0.5-14M, 800 T f) KK-Si2.5-S2/A0.5-14M, 800 T

g) OPC, 600 T h) OPC, 600 T

Fig. 13 - Images of geopolymer and OPC mortars after exposure to 600 T and 800 T
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4 Conclusions

Fly ash (FA) based geopolymer (GP) mortars were exposed to elevated temperatures at 200 °C, 400 °C, 600 °C, and 800
°C. Physical properties, including mass loss, and mechanical properties, including compressive, flexural, and indirect tensile
strengths, were studied. The investigated parameters included the effect of NaOH molarity, Na.SiOs to NaOH solution ratio,
alkaline solution to FA ratio, and sand to FA ratio. Also, the effect of using different alkaline solutions including mixing Na,SiOs
with NaOH, Na,SiOs; with KOH and K3SiO3 with KOH were studied. Based on the results, the following conclusions can be
drawn:

As the NaOH molarity increases, the compressive strength of unheated GP mortar increased as well. On the other hand,
Higher loss rate in compressive strength after exposure to 600 °C was observed as the NaOH molarity increased. After exposure
to 800 °C, residual compressive strength of GP mortar mixes with NaOH molarity of 12, 14, and 16 were 36.3%, 38.8%, and
28.5%, respectively. Increasing Na,SiOs/NaOH ratio from 2 to 2.5 caused increase in the mechanical properties while increasing
that ratio from 2.5 to 3 negatively affected the mechanical properties of GP mortars either before or after exposure to elevated
temperatures. After exposure to 800 °C, residual compressive, flexural, and indirect tensile strengths of GP mix containing
Na,SiO3/NaOH ratio of 2 were 38.8%, 24.2%, and 24.1%, respectively. Increasing sand to FA ratio from 1.5 to 2 resulted in
increasing the mechanical properties either before or after exposure to elevated temperature. On the other hand, increasing that
ratio from 2 to 2.5 and 3 caused decrease in the mechanical properties. Increasing the alkaline solution to FA ratio from 0.4 to
0.5 have no significant effect on the mechanical properties while increasing that ratio from 0.5 to 0.6 lead to decreasing the
mechanical properties either before or after exposure to elevated temperatures. Taking into consideration the alkaline solution
type, using Na,SiO3; with KOH or K,SiO3z with KOH gave lesser values of the studied mechanical properties than that of using
NazSiO; with NaOH at ambient temperature. But after exposure to elevated temperature, the behaviour of GP mortar mixes
containing Na;SiOs; and KOH was better than that containing Na,SiO; and NaOH. Residual compressive strength values of GP
mixes containing NN, NK, and KK solutions after exposure to 800 °C were 38.8.2%, 54.2%, and 48.7% MPa, respectively.
Empirical equations capable of predicting the residual compressive, flexural, and indirect tensile strengths of GP mortars made
with different alkaline solutions were proposed with high correlation. The SEM images of GP mortars showed that fewer
unreacted FA particles at the age of 365 days than at the age of 28 days. Using KOH led to more geopolymerization of FA
particles than using NaOH. After exposure to 800 °C, loose microstructure and increase in pore size were observed. The OPC
mortar endured heavy damage due to dehydration. Behaviour of GP mortar was found to be better than OPC mortar either before
or after exposure to elevated temperatures. More studies are still needed to investigate the thermal properties as well as elevated
temperature endurance of GP composites. Moreover, structural behaviour of various GP concrete structural elements as affected
by elevated temperatures, whether using practical or theoretical studies, needs to be applied for a comprehensive understanding
of the behaviour of GP concrete.
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