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 Due to the increasing CO2 emission resulting from cement production in recent years, 
researchs on the use of alternative binders to cement have increased and one of the most 
important binders have become geopolymer binders. Many different natural or waste 
materials are used as alumino-silicate sources in geopolymer production. In this study, the 
production of geopolymer concrete with perlite (a natural source of alumino-silicate) and red 
mud (a waste material) were investigated. Red mud was utilized at 10%, 20%, and 30% of the 
total mass of binder. In the mixtures, the solution/binder and NaOH/Na2SO3 ratios were 
selected as 0.50 and 1/1, and the produced samples were cured at 90°C for 72 hours. After 
heat curing, 3, 7, 28, and 90 days’ compressive strengths of all mixtures were determined. In 
addition, the samples from each mixture were exposed to 5% HCl and 5% MgSO4 solutions, 
50 freeze-thaw cycles according to ASTM C666/C666M standard Procedure A, and three 
different elevated temperatures (300°C, 500°C, and 700°C). After subjected to durability 
effects, the compressive strengths and weight losses of mixtures were identified. As a result, 
the compressive strengths of mixtures containing red mud are higher than those containing 
100% perlite. However, in terms of durability, the compressive strength losses of mixtures 
containing red mud are higher than pure perlite. 

1.Introduction 

Cement is the most widely used binder material today. Cement 
production requires high energy consumption as it is basically 
obtained as a result of mixing limestone and clay in homogeneous 
and appropriate proportions and burning them at 1400-1600°C. In 
addition, the calcination of limestone releases large amounts of 
greenhouse gases, especially CO2 [1]. The energy consumption in 
cement production constitutes more than 10% of the total industrial 
energy consumption and approximately 0.9 tons of CO2 is released in 
one ton of cement production [2, 3]. Therefore, in recent years, due to 
problems such as global warming, environmental pollution, and 
climate change, the need to reduce cement production and develop 
alternative binding materials has arisen. For this reason, researchers 
have turned to aluminosilicate-based materials, one of the more 
sustainable alternative binder materials, instead of traditional 
cement-based binders. Mostly, aluminosilicate-based source 
materials are natural pozzolanic materials or industrial waste 
materials such as fly ash, silica fume, blast furnace slag [1]. Therefore, 
the use of waste materials encourages more sustainable practices in 
the construction industry in terms of both cost (up to 30% reduction) 
and greenhouse gas emissions (up to 80% reduction) [4]. 
Aluminosilicate-based materials generally contain high levels of SiO2 
and Al2O3 and besides these, CaO, Na2O, Fe2O3, K2O, SO3, TiO2, etc. While 
these materials can sometimes be in a natural amorphous structure, 
sometimes they gain an amorphous structure as a result of heat 
treatment.  Alkali based geopolymer binders have superior 
performance characteristics such as chemical, abrasion and high-
temperature resistance compared to cement-based materials. These 
materials contribute to building a sustainable environment with their 
low carbon production and high durability properties compared to 
cement [5,6]. Geopolymers are inorganic polymeric materials that can 
be synthesized from various aluminosilicate sources under alkaline 
or acidic ambient conditions [6,7]. Geopolymerization is an exothermic 

chemical reaction involving the dissolution, transport, orientation 
and polycondensation of molecules of source materials contain SiO2 
and Al2O3 in a highly alkaline environment and forming 3-
dimensional aluminosilicate networks [8]. In addition, geopolymers 
have some attractive properties for special applications such as rapid 
hardening, high early strength, stability under chemical attack, 
elevated temperature resistance, and low permeability [9, 10]. 
Saavedra et al. [11] stated that the geopolymer based on fly ash and 
blast furnace slag showed better resistance to sulfate attack than 
concrete produced with Portland cement. Sagoe-Crentsil et al. [12] 
stated that geopolymers have lower creep and drying shrinkage. The 
geopolymers generally have good thermal-physical and mechanical 
properties after exposure to high temperatures due to their ceramic-
like microstructure and properties [13,14]. Perlite is one of the natural 
materials that can be used as an aluminosilicate-based source 
material in the production of geopolymer concrete due to its high 
silica content. In addition, Turkey has rich perlite reserves and ranks 
third among the world countries. Therefore, the use of perlite in the 
production of geopolymer concrete will provide economic and 
environmental benefits for our country. 

In the study by Yadolahi et al (2018), Tabriz perlite was ground in 
different sizes (3100, 3580 and 4300 m2/kg), and NaOH and Na2SiO3 
activators were used to activate it [15]. Polypropylene fiber reinforced 
mixtures have been produced. The produced samples were cured at 
65°C for 48 hours and it was stated that the produced mixtures 
increased by 16.29% in flexural strength and by 2.79% in compressive 
strength. Furthermore, in the continuation of the same study, 2 
different cure methods (48 hours 65°C+28 days ambient temperature 
and 48 hours 65°C+3 hours autoclave cure+28 days ambient 
temperature) have been applied for perlite-containing mixtures of 
different fineness. The highest strength was obtained in the samples 
produced with perlite has a thickness of 4300 m2/kg [16].  
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Güzelküçük and Demir (2019) cured perlite-based geopolymer 
composites activated with sodium hydroxide at 90 ºC and 110 ºC 
temperatures for 24 and 48 hours [17]. As a result, the highest 
compressive strength was obtained as 46.76 MPa for the group cured 
at 110 ºC for 24 hours and using 15.15 molar NaOH. On the other hand, 
Kozhukhova et.al.(2019) suggested that the composition of perlite, 
which is a source of aluminosilicate, can be changed during the 
technological process, especially during the fine grinding stage [18]. 
Also, in the same study, the geopolymerization of perlite with NaOH, 
KOH, Na2SiO3, and Na2CO3 at 65°C for 24 hours was investigated. 
Consequently, the highest compressive strength was determined as 
14.3 MPa in the mixture contain only NaOH. The compressive strength 
has not occurred in the samples produced with Na2SiO3 and Na2CO3 
[19]. Tsaousi et al. (2016) activated perlite with NaOH solution at 2 M 
and 5 M concentrations [20]. In the study, curing temperatures were 
taken at 50°C, 70°C, 90°C, and 100°C, and the effect of solid/liquid ratio 
on setting time was investigated. The optimum results were 
determined in the mixture with a solid/liquid ratio of 1.2-1.4 g/mL for 
90°C. In the study by Tsaousi et al (2018), perlite paste was prepared 
with a solid/liquid ratio of 2 g/mL at 2, 4, 6, 8, and 10 Molar NaOH 
solutions [21]. The setting time was observed at 70°C and 90°C and it 
was stated that the setting time was shorter at 90°C. Ultimately, it has 
been suggested that the fast setting of perlite paste is due to the high 
SiO2/Na2O mass ratio [21]. Erdoğan (2015) activated perlite with three 
different sodium hydroxide concentrations (4, 8 and 16 M) and 
produced paste samples with a solution/binder ratio of 0.50 [22]. In the 
study, the samples produced were cured at 100°C for 24 hours and it 
was stated that the strength of the samples was adversely affected 
when the temperature was below or above 100°C. In addition, while 
no volume change was observed in the samples at 4 M concentrations, 
the volume of the samples at 8 M and 16M concentrations increase 
between 25% and 225%. Saglik and Erdogan (2010) investigated the 
chemical and thermal activation of cement-based mortar containing 
0-25-50-80-100% (by weight) perlite instead of cement [23]. In the 
group containing 100% perlite, using both NaOH and sodium silicate, 
thermal curing was applied at 65 °C for 10 hours and the 7-day 
compressive strength was obtained as 25 MPa. They stated that 
sodium hydroxide solution concentration, chemical activator ratio, 
and thermal curing program significantly affect the compressive 
strength [23]. Taxiarchou et al (2013) stated that the ideal curing time 
of perlite is 72 hours, strength is not obtained at 50°C curing 
temperature, strength is obtained in two-stage curing at 70°C for 5 
days and early age strength is high at 90°C [24]. 

The study aims to develop an alternative binder to Portland cement 
by using perlite and waste material red mud together. NaOH and 
Na2SiO3 will be used as activators. For this purpose, after destructive 
conditions (such as the temperatures at 300°C, 500°C and 700°C, 50 
cycles of freeze-thaw effect between -18°C and +4°C, 5% concentration 
HCl and 5% concentration MgSO4 effect) the mechanical properties of 
the geopolymer concrete containing ground perlite (under 45 microns) 
and red mud will be determined. 

  

2. Experimental Program 
2.1. Materials 

 

 

Figure 1. The appearance of perlite and red mud 
 

 
 

Perlite and red mud used as source material in the study were 
obtained from Kale Block Pumice A.Ş. and Konya Eti Seydişehir 
Aluminum Plant, respectively. Both source materials were first dried 
at 105°C for 24 hours and then ground until the grain size was below 
45 μm. The appearance of both ground materials is given in Figure 1 
and their chemical contents, ignition losses and specific gravities are 
given in Table 1. 

   
Table 1. The properties of perlite and red mud  

Chemical Components Perlite Red Mud 

SiO2 69,1 13,57 

Al2O3 12,13 21,80 

Na2O 4,55 6,47 

K2O 3,78 - 

CaO 2.53 13,55 

Fe2O3 1,58 27,39 

MgO 0,25 - 

SO3 0,05 - 

Cl- 0,048 - 

Ignition loss 4,15 11,95 

Specific gravity 2,40 3,05 

 

NaOH, which is 99% pure, is in pellet form and Na2SiO3 is in liquid 
form, and the properties of both activators are given in Table 2. 

 
Table 2. Initial geometries of test models 

Phycsycal and Chemical 

 

Na2SiO3 NaOH 

Molecule mass (G/Mol) 122,06 40,00 

Colour Colourless liquid white 

pH 11-12,5 13-14 

Density (g/cm3) 1,37-1,41 2,13 

Na2O (%) 11.0-12,5 - 

SiO2 (%) 21,5-24,5 - 

H2O (%) 62-67,5 - 
 

The maximum aggregate particle size is 8 mm and aggregates are 
divided into two classes as 0-4 mm (15%) and 4-8 mm (85%). The 
saturated surface dry weight and water absorption rates of 0-4 mm 
and 4-8 mm aggregate classes are 2.67-2.63% and 0.26%-1.66%, 
respectively. The particle size distribution of the aggregate was made 
according to TS EN 933-1 [25] and the specific gravity and water 
absorption rates were determined according to TS EN 1097-6 [26]. The 
sieve analysis was given in Figure 2.  

 

Figure 2. The sieve analysis of aggregate 
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In addition, in accordance with TS EN 934-2 (2014) [27] standard, the 
properties of the polycarboxylic ether-based superplasticizer supplied 
by BASF Chemical Company are given in Table 3. 

 
Table 3. The properties of superplasticizer 

Colour Brown-liquid 

Specific gravity (20°C) 1,058-1,098  

pH 5-7 

Amount of alkali (%) ≤ 3,00 (by mass) 

Cl¯ (%) ≤ 0,10 (by mass) 

 

 
2.2. Mix design 

The binder dosage for geopolymer concrete mixtures has been 
determined as 500 kg/m3. In the preliminary experiments, silicate 
modulus of 2, Na2SiO3/NaOH ratio of 1, solution/binder ratio of 0.50 
and the optimum concentration of NaOH solution was determined as 
10 M were determined. A superplasticizer based on polycarboxylic 
ether was used to ensure the workability of concrete. While the perlite 
was the main binder and red mud was used as 10%, 20% and 30% of 
the total binder. The curing temperature and time were identified to 
be 90°C and 72 hours. The plastic oven bag was preferred under curing 
conditions. The geopolymer concrete mixtures and material amounts 
are shown in Table 4. 

 
Table 4. The mixture proportions for 1 m3 concrete (kg/m3) 

 

Mixtures codes P RM10 RM20 RM30 

S/B ratio 0,50 0,50 0,50 0,50 

Dosage 500 500 500 500 

Perlite 500 450 400 350 

Red Mud - 50 100 150 

Na2SiO3 125 125 125 125 

10 M NaOH 125 125 125 125 

0-4 mm 1258 1219 1180 1141 

4-8 mm 222 215 208 201 
 

Firstly, 10 M NaOH solution was prepared 24 hours before casting. 
Since the temperature of the aggregate and binder materials and 
ambient conditions affect the final strength [28], care was taken to 
keep it at 25°C and preheated (25°C) if necessary. First, the binder 
materials and NaOH solution were mixed for 3 minutes, and then 
Na2SiO3 was added and mixed for another 3 minutes. In the last stage, 
superplasticizer and aggregate were added and mixed for 2 more 
minutes. 

Prepared geopolymer concrete mixtures were placed in lubricated 
50x50x50 mm steel molds in 3 stages and placing them on the 
vibrating table. The mixtures, which were placed properly in the 
molds, were covered with aluminum foil and placed in the oven bag 
(Figure 3). The samples, which were taken out of the oven after 72 
hours, were cured in a laboratory environment of 23±1°C until the 
experiment day. The unit weight and water absorption rates of the 
produced samples were determined. Furthermore, the compressive 
strengths of samples were identified before and after elevated 
temperature, freeze-thaw, acid, and sulfate effects.  

 

Figure 3. The samples were placed in steel molds and oven bags. 

 
After the curing periods of 3, 7, 28, and 90 days, the compressive 
strengths of the geopolymer concretes were made by TS EN 12390-3 
(2019) [29] and ASTM C39/C39M [30] standards. In addition, at the end 
of the 28-day curing period, 3 samples from each mixture were placed 
in 5% concentrated acid (HCl) solution, 5% concentrated sulfate 
(MgSO4) solution for 30 and 60 days according to ASTM C267 [31]. 
Furthermore, 3 samples from each mixture were subjected to elevated 
temperatures at 300°C, 500°C and 700°C for 2 hours and 50 cycles of 
freeze-thaw according to ASTM C666/C666M Procedure A [32,33,34,35].  

 

3. Discussion 

3.1 Water absorption  

Water absorption rates and unit weights of geopolymer concrete 
samples are given in Table 5. According to the results obtained, the 
highest water absorption result belongs to the RM10 group with a 
value of 8.25%, and these results were supported by studies in the 
literature [36,37]. Compared to P, 2%, 1%, and 2% reductions occurred 
in the dry unit weights of RM10, RM20, and RM30 mixtures, 
respectively. In the mixtures containing RM, it was observed that as 
the water absorption rate increased, the compressive strength 
decreased. 

 
Table 5. Unit weights and water absorption rates of mixtures 

 

Mixtures  

 

Dry unit  

  

Water absorption  

  P 2,26 7,36 

RM10 2,20 8,25 

RM20 2,23 8,05 

RM30 2,21 7,39 
 

3.2 Compressive strength  

3, 7, 28, and 90 days' compressive strengths of the geopolymer 
concrete samples produced in the study were given in Table 6. When 
the compressive strength results are examined, it was seen that the 
compressive strength of the mixtures containing red mud is higher 
than the P mixture containing 100% perlite. Compared to the P 
mixture, in the mixtures containing red mud (RM10, RM20, RM30) the 
3, 7, 28 and 90 days’ compressive strength increases were 1.5%, 15.9% 
and 20.6%; 4.8%, 14.5% and 18.9%; 4.3%, 13.7% and 14.5%; and 5.5%, 
23.2% and 15.8%, respectively. The high amount of Al2O3 in the 
chemical composition of the red mud shortened the bond lengths 
which formed as a result of the geopolymerization reaction, making it 
difficult to break the bonds. It is seen that this situation positively 
affects mechanical performance. In addition, it is seen that ferri-
silicates formed as a result of the geopolymerization reaction of red 
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mud with high Fe2O3 content contribute positively to the mechanical 
performance of geopolymer composites by changing the 
microstructure. [38,39]. 

 
Table 6. The compressive strengths results  

Mixtures codes 
Compressive strengths (MPa) 

3 days 7 days 28 days 90 days 

P 23.57 24.04 25.10 25.12 

RM10 23.93 25.19 26.20 26.50 

RM20 27.31 27.53 28.50 30.96 

RM30 28.43 28.58 28.70 29.09 
  

 
3.3 Elevated Temperatures 

The compressive strengths of all mixtures are shown in Figure 4. At 
300°C, 500°C and 700°C, the strength losses of the P sample were 
25.8%, 44.7% and 31.8%, while the strength losses of the RM10, RM20, 
and RM30 samples were 11.5%, 20.1% and 20.4%; 37.7%, 39.2%, and 
27.5%; and 33.1%, 40.0% and 42.5%, respectively. However, when the 
samples were visually examined, as a result of the elevated 
temperature effect, it was observed that the samples preserved their 
structural integrity at 300°C. Capillary cracks and discoloration were 
observed in the samples at 500°C. At 700°C, it was observed that the 
cracks increased and the colors of the samples became darker (Figure 
5). 

 

Figure 4. The compressive strengths of samples exposed to elevated 
temperatures 

 

     23°C         500°C             700°C 

 

 

 

 

Figure 5.  The views of the samples after elevated temperatures 

 
The loss of traditional Portland cement concrete is between 70-80% 
after elevated temperature. When the geopolymer concretes produced 
in the study are compared with the concretes containing normal 
portland cement, it is seen that the elevated temperature resistance 
of the P, RM10, RM20, and RM30 mixtures are higher than traditional 
concrete. At 700°C, geopolymer concretes do not decompose like 
normal concretes, and it is seen that there are significant changes and 
sintering in the internal structures of geopolymer concretes at 500°C 
[40,41]. The highest weight losses at 300°C, 500°C, and 700°C were 
observed in RM10 at the rate of 3.6%, 4.7%, 7.9%, respectively. In 
geopolymer composites, dehydration reaction occurs due to 
temperature increases. As a result of this reaction, weight loss is 
observed due to water loss from fine pores in the geopolymer paste 
and aggregates [42]. 

 
3.4. Freeze-Thaw 

Freeze-thaw cycles were performed according to ASTM C666/C666M 
[32] standard Procedure A. It is seen that the weight losses in P, RM10, 
RM20, and RM30 samples and are 2.9%, 2.8%, 2.5%, and 2.4%, 
respectively. When the literature is examined, it is seen that the 
weight losses of geopolymer concrete samples increase from 0.69% to 
24.60% with the increase in the number of freeze-thaw cycles 
[43,44,45].  

The compressive strength results of the samples exposed to freeze-
thaw are shown in Figure 6. After the 50 freeze-thaw cycles, while the 
strength loss of the P mixture was 31.4%, the losses of RM10, RM20 
and RM30 mixtures were 45.7%, 45.8%, and 49.3%, respectively. The 
high strength loss of the RM10, RM20 and RM30 mixtures may have 
resulted from the change in the pore characterization of the samples 
due to the water contained in them [46]. 

 

 

Figure 6. The compressive strengths of the samples exposed to 
freeze-thaw (before and after) 
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3.5.  HCl ve MgSO4 Effects 

After completing 28-day curing periods, geopolymer concrete samples 
were exposed to 5% HCl solution for 30 and 60 days. The compressive 
strengths of the mixtures after the effect of HCl and MgSO4 were 
given in Figures 7-8. As the exposure time to HCl solution increased, 
the weight loss ratio increased in all groups. The highest weight losses 
were obtained as 3.8% in RM10 after 30 and as 5.0% in RM20 after 60 
days of acid effect [47,48]. Furthermore, the lowest weight losses were 
obtained as 0.8% in RM10 after 30 and as .0% in RM20 after 60 days 
of the MgSO4 effect. The highest losses were obtained as 1.3% in RM20 
after 30 and as 3.5% in RM320 after 60 days of the MgSO4 effect. 

 

Figure 7. The compressive strengths of all mixtures after the effect 
of HCl 

After 30 days of acid effect, while the loss of strength of the P mixture 
was obtained as 28.8%, the losses of the RM10, RM20, and RM30 
mixtures were 25.7%, 33.8%, and 47.1%, respectively. Furthermore, at 
the end of the 60 days of acid effect, while strength loss of the P group 
was obtained as 47.9%, the losses of the RM10, RM20, and RM30 
mixtures were 48.3%, 53.0%, and 57.3%, respectively [47,48].  

As the exposure time to HCl and MgSO4 solutions increased, the 
strength loss ratio increased in all groups. In addition, the 
compressive strength loss increased as the red mud replacement ratio 
increased in the mixtures exposed to the acid effect. The reason for 
the loss of compressive strength in geopolymer samples under the 
effect of the acid may be the cracks in the microstructure and the 
deterioration of the gel structure as a result of the breaking of Si–O–
Si and Si–O–Al bonds in the aluminosilicate structure [49]. 

 

Figure 8. The compressive strengths of all mixtures after the effect of 
MgSO4 

After 30 and 60 days of sulfate effect, while the compressive strength 
losses rate of the P mixture were 40.3 and %59.5, the strength losses 
of RM10, RM20, and RM30 mixtures were 51.2%, 53.4%, and 45.2%; and 
%59.3, %59.7 and %53.4, respectively [50].  

Due to the low pH value of the sulfate solution, the geopolymer 
structure deteriorates as a result of the alkalis passing from the N-A-
S-H structure to the solution. Also, low alkalinity causes the 
geopolymer reaction to stop and the porosity to increase. In this case, 
micro cracks begin to form, which reduces the mechanical 
performance [51, 52, 53]. As a result, a decrease in strength occurs. Sata 
et al. [51] investigated the 5% sodium sulfate resistance of bottom ash 
geopolymer mortar in their study and found that bottom ash 
geopolymer mortars were less susceptible to sulfate attack than 
conventional Portland cement mortars.  Moreover, Wallah and 
Rangan [54] had studied the length change of geopolymers reported 
that they have excellent durability properties, as they exhibit 
extremely small changes and a small increase in their mass after one 
year of exposure to sulfate solution. 

 

4. Results 

In this study, it was investigated how the addition of red mud to 
perlite-based geopolymer concrete affects the concrete properties and 
the usability of perlite-based geopolymers produced with 
NaOH+Na2SiO3 (1/1 ratio) as alkali activator. The following general 
results were obtained: 

 In the production of perlite-based geopolymer, the optimum 
curing conditions obtained with NaOH+ Na2SiO3 (1/1) are 
90°C and 72 hours’ heat curing. 

 A continuous strength increase occurred in all groups at all 
curing times. After heat curing, at the laboratory 
conditions, the 3, 7, 28, and 90 days' strengths of all 
mixtures containing red mud are higher than the mixture 
containing 100% perlite.   

 Weight loss ratios of all mixtures increased as a result of all 
disruptive durability effects. 

 The samples were almost unaffected in terms of strength at 
300°C. At 500°C and 700°C, it performed very well compared 
to normal Portland cement concrete. Furthermore, at 300°C 
and 500°C, the mixtures containing red mud have higher 
performance than P mixture, but at 700°C the compressive 
strength losses of RM10, RM20 and RM30 mixtures were 
higher than P mixture.  

 After the 50 freeze-thaw cycles, the compressive strength 
losses of mixtures containing red mud are higher than that 
of the P mixture.  

 Generally, after acid and sulfate effects, the compressive 
strength losses of mixtures containing red mud are higher 
than that of the P mixture. 
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