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A B S T R A C T   

Geopolymer concrete is a more environmentally friendly alternative than conventional concrete because its 
production does not need cement. Instead, waste materials such as fly ash, rice husk ash, slag, etc. are used. This 
research studies the effect of the activator concentration (6–10 M), curing temperature (40–80 ◦C) and incor-
poration ratio of thermally and mechanically treated recycled aggregate (0–100%) on changes in the macro-
structural properties of geopolymer concrete. All raw materials were previously characterized by 
thermogravimetric and differential thermal analysis, X-ray fluorescence and X-ray diffraction. Furthermore, a 
microstructural characterization was carried out on two geopolymer concrete mixes used as reference: one made 
with a natural aggregate and the other with a treated recycled aggregate. The interfacial transition zone between 
the treated recycled aggregate/natural aggregate and geopolymer paste was studied using SEM-EDS. A beneficial 
effect of the treated recycled aggregates on the compressive strength of geopolymer concrete was observed due to 
formation of silicate hydrated gel (CSH) and calcium aluminate silicate hydrated gel (CASH). However, a slight 
increase in the water absorption of geopolymer concrete and the mass of peels after 28 freezing and thawing 
cycles occurred because of the presence of residual porous cement mortar on the treated recycled aggregate 
surface.   

1. Introduction 

Cement clinker production is responsible for about 8% of the world’s 
carbon dioxide (CO2) emissions [1]. Depending on the type of cement, 
the manufacture of one ton of ordinary Portland cement (OPC) emits 
between 0.6 and 1 ton of CO2 [2–7]. Annual OPC production is expected 
to increase approximately 50% in the 2017–2050 period [8,9]. Geo-
polymer concrete is an alternative to traditional cement concrete with 
low CO2 emission and low energy consumption [10]. Hence the use of 
geopolymers, which do not use OPC in their mixes, are rapidly growing 
in the field of concrete technology [11]. There are even researchers who 
consider this type of concrete as “the next generation of green concrete” 

[12]. Geopolymers are three-dimensional amorphous to semi-crystalline 
aluminosilicate materials which can be produced from natural or syn-
thetic aluminosilicate minerals, or industrial aluminosilicate 
by-products such as fly ash, red mud, slag, metakaolin, perlite, glass, rice 
husk ash, clay or a combination of them mixed with an alkaline (po-
tassium or sodium hydroxide, potassium/sodium silicate) [13,14]. 

In general, geopolymer is one of the inorganic polymers. The poly-
merization requires a considerably quick reaction of silica (Si)-alumina 
(Al) under alkaline condition which subsequently create a three- 
dimensional polymeric chain of Si–O–Al–O bonds [15]. Unlike OPC or 
pozzolanic cements, geopolymer utilizes the polycondensation of silica, 
alumina and high alkali content to attain compressive strength [16]. 
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Furthermore, geopolymer incorporating OPC develops calcium silicate 
hydrates (C–S–H) as well as polycondensation of silica and alumina and 
a high alkali content to attain compressive strength. The following re-
actions occur during geopolymerization (Eqs. (1) and (2)) [17]: 

(Si2O5Al2O2)n +H2O + OH− →Si(OH)4 + Al(OH)
4− (1)  

Si(OH)4 +Al(OH)
4− →(Si − O − Al − O)n + 4H2O (2) 

Widespread industry adoption of alkali-activated concrete has the 
potential to positively contribute to environmental sustainability in both 
the industrial and construction sectors, since it allows reducing carbon 
emissions and incorporating waste materials in its manufacture [18]. 
Geopolymer concrete possesses good physical-chemical and mechanical 
properties, such as relatively high strength, fire and chemical resistance 
and thermal stability [12,19]. Moreover, geopolymer concrete retains 
good properties in acid environments, as well as in the presence of salts 
and sulphates [20–22]. In combination with Portland cement, geo-
polymer concrete has better durability properties, extremely low 
shrinkage and relatively higher strength [23]. The increase in the me-
chanical properties (compressive strength, flexural strength, and split-
ting tensile strength) up to the third day of curing occurs at an express 
pace. Although it continues to grow, it does so at a slower rate until 90 
days at least [24]. 

Any material that contains amorphously Si and Al can be used to 
produce geopolymer concrete. Fly ash and blast furnace slag are the 
most common waste materials used in geopolymer concrete production 
[12,18,25–28]. The mixture of fly ash and blast furnace slag improves 
the pore structure and mechanical strengthof geopolymers compared to 
the exclusive use of fly ash, this mixture also increases the binder’s 
resistance to the negative effects of acids, sulphates and seawater. 
Geopolymer properties often depend of the quality of the raw materials 
used [29]. A significant advantage of using granulated blast furnace slag 
is that it requires a smaller amount of highly expensive alkaline acti-
vator, compared for example to metakaolin, to be activated [30]. 
However, the use of other waste materials as a partial binder replace-
ment in geopolymer concrete is being sought, to demonstrate that 
ceramic waste could be also a good source for geopolymer synthesis [31, 
32]. 

Construction and demolition waste (CDW) is generated during the 
construction, useful life, and total or partial demolition phase of build-
ings or infrastructure. CDW production exceeds 30 billion tons annually 
worldwide [33–35]. Recycled aggregates (RA) can be obtained from 
CDW, which is conveniently treated in recycling plants. Countries such 
as Japan, Germany, and the Netherlands recycle more than 80% of CDW, 
while other developed countries have a lower recycling rate (Cyprus, 
Slovenia, and Sweden) [36,37]. According to the Waste Framework 
Directive (2008/98/EC) of the European Union and the EU Parliament, 
by 2020, a minimum of 70% of CDW should have been recovered [38, 
39]. Recycled aggregate (RA) can be classified according to its compo-
sition and physical-mechanical properties. Depending on its particle size 
distribution, RA can be classified as coarse recycled aggregates 
(4.75–31.5 mm) or fine recycled aggregates (<5 mm). The coarse frac-
tion has been extensively researched for the manufacture of structural 
[40–45] or non-structural concrete [46–48]. Few research studies have 
focused on the fine fraction, and most of the studies are focused on low- 
or high-strength materials [7,49,50]. Recycled concrete aggregates 
(RCA) are rougher and more porous than natural aggregates (NA); 
hence, they have a lower particle density and higher water absorption. 
The presence of microcracks and lower fragmentation resistance is also 
one of the properties of recycled aggregates; these differences between 
RCA and NA are mainly due to the attached cement paste. The 
replacement of NA with RCA in cement-based materials generally re-
duces its mechanical and durability properties [51]. 

To improve the physical-mechanical properties of RA, several tech-
niques have been proposed [52]: a) selective demolition and proper 

treatment of CDWs in recycling plants [53], b) separation of attached 
mortar from NA [33] with techniques such as mechanical grinding, 
traditional heating [54–57], microwave heating, and pre-soaking in an 
acid solution, and c) treatment with CO2 [7,36,58,59]. 

A promising alternative recycling option appears to be alkali- 
activated materials and geopolymer binders, incorporating the RA as 
either inert aggregates or partially reactive materials [60,61]. It is 
known that the presence of residual mortar (RM) in recycled concrete 
aggregates (RCA) can also release some alkalis into pore solution and 
increase the risk of AAR. Alkali-aggregate reaction (AAR) is affected by 
many factors such as alkali reactivity of original aggregate (OA), pres-
ence of residual mortar (RM) and production procedure. Previous 
treatments of recycled aggregates to reduce RM is a measure used to 
mitigate ARR in recycled concrete [62]. 

Concrete and/or fired clay waste aggregates were studied in several 
research papers [63–67]. Concrete, brick, glass and ceramic tile waste in 
geopolymer binders were also investigated by several authors [68–70]. 
Brick waste aggregates alone were specifically studied in several 
research papers [71,72]. There are no studies on the influence of the use 
of treated recycled aggregate from thermal and mechanical treatment in 
geopolymer concrete. Studies on this topic would complete this gap in 
knowledge. 

The mechanical and physical characterization of metakaolin slag- 
potassium silicate geopolymers with 40–60% of CDW aggregates, 
although not exhaustive, provided encouraging results and pointed out 
interesting aspects related to their possible exploitation as a building 
material [73]. Concrete and fired clay aggregates determined slightly 
different results, while a blend of them led to intermediate properties. 
Mixtures with fired clay, despite their generally greater open porosity, 
showed performances in line with those with concrete aggregates, but 
with a higher increment of mechanical strength from 7 to 28 days (18% 
for fired clay and 9% for concrete, on average), probably related to their 
residual pozzolanic reactivity. 

Pacheco-Torgal et al. (2012) [74] suggest that recycling crushed and 
ground concrete as an ingredient in geopolymeric binders could provide 
a solution for recycling a higher percentage of CDW. These authors 
argue that laboratory prepared samples of concrete using recycled ag-
gregates that successfully reuse up to 100% of waste did not accurately 
reflect real-world conditions. This was due to the presence of impurities 
that are found in recycled concrete that can be controlled in the labo-
ratory. However, the mechanical strength of geopolymeric binders was 
less dependent on aggregate interaction and more on the chemical 
matrix characteristics of the binder. 

Kaniand Allahverdi [75] found that waste bricks were more suitable 
than waste concrete due to their calcinated alumino-silicate content. 
Their research results also indicate that the compressive strength of 
geopolymer concrete produced from the waste bricks rises with 
increasing Na2O content. 

A recent laboratory study by Arulrajah et al. [76] analyzed the per-
formance of recycled crushed aggregate, crushed brick, and reclaimed 
asphalt pavement as pavement base/subbase materials through geo-
polymerization. They found that the mechanical strength, density, and 
stiffness of the CDW increased with the use of slag (a more active 
binder). The best results were achieved for RCA, which was found to 
qualify for use as a base material. 

Rakhimova and Rakhimov [77] investigated the influence of a type 
of alkali activator, percentage of blending material and a type of curing 
condition on the production of alkali-activated cement produced from 
ground granulated blast furnace slag (GGBFS) and different types of red 
clay brick waste. Other researchers have used recycled cement mortar 
for geopolymers [78]. The results show that cement hydrates in the 
recycled cement mortar can be activated by alkali to reconstruct new 
cementitious substances. The recycled cement mortar with a higher 
original cement/sand ratio yields higher strengths of materials. 

This research aims to study the effect of activator concentration 
(6–10 M), curing temperature (40-80 ◦C) and treated recycled aggregate 
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from thermally and mechanically treated concrete content (0–100%) on 
the physical and mechanical properties of alkali-activated concrete with 
special emphasis on micro and macrostructural behavior. Due to the 
availability of fly ash in Poland, this material was used as binder in 
geopolymer mixtures. A complete characterization of all raw materials 
used in the tested alkali-activated concrete was carried out by ther-
mogravimetric and differential thermal analysis (TGA/DTA), X-ray 
fluorescence (XRF) and X-ray diffraction (XRD). Furthermore, a micro-
structural characterization was carried out on two reference mixes: (i) 
the first one only made with a natural aggregate and (ii) the second one 
only made with treated recycled aggregates. In these two series, the 
interfacial transition zone (ITZ) between the aggregate (treated recycled 
aggregate/natural aggregate) and geopolymer paste was study using 
SEM-EDS. The microstructural characterization helps explain what 
happens on the macroscopic level. 

2. Materials and methodology 

2.1. Materials 

The Fly ash (FA) used was collected from the thermal power plant in 
Ostrołęka (Poland). The particle density of fly ash was 2.2 g/cm3. As 
natural aggregates (NA), a river sand fraction 0–2 mm and a gravel 
fraction 2–4 mm, 4–8 mm and 8–16 mm respectively were used. The test 
was carried out using treated recycled aggregates (tRA) from concrete 
debris (RA) of 4–8 mm and 8–16 mm fractions, which were obtained 
from thermal and mechanical treatments according to patent 
PAT.229887 from pre-crushed concrete road curbs with declared con-
crete class C30/37. The patented process (PAT.229887) is based on four 
main stages, which in laboratory conditions were carried out in the 
following way: (i) the concrete waste was crushed in a jaw crusher to a 
particle size 0/40 mm; (ii) the recycled aggregate obtained in this way 
was placed in a thermal furnace and heated at 650 ◦C during 60 min 
(after this stage partial separation of the cement mortar from the 
aggregate was observed); (iii) once removed from the furnace, the 
recycled aggregates was placed in a Los Angeles drum and subjected to 
the mechanical treatment of constant parameters (500 revolutions, 5 
steel balls) in order to finally separate the cement mortar from the coarse 
aggregate particles; and (iv) the cooled material was sieved through a 4 
mm sieve to separate a fine fraction (<4 mm) from a coarse fraction (>4 
mm). The coarse aggregate was additionally divided into fractions of 4/ 
8 mm and 8/16 mm. The process of obtaining treated recycled coarse 
aggregate was similar to the one used by Kalinowska-Wichrowska et al. 
[57]. These authors showed that the recycled concrete aggregates 
treated according to the Patent PAT.229887 increases the dry bulk 
density values between 25 and 35% for the 4/8 mm and 8/16 mm 
fraction respectively and reduces the water absorption by 55 and 53% 
for the 4/8 mm and 8/16 mm fraction. Table 1 shows the properties of 
natural aggregate and treated recycled aggregates used. 

The alkali activator used for tests was obtained from a combination 
of sodium hydroxide (NaOH) in solid form (granules) and sodium water 

glass (Na2SiO3). The NaOH solution was used in different molar con-
centrations: 6 M, 8 M and 10 M. A total amount of 350 kg/m3 of pre-
cursor (fly ash) was used. The ratio Na2SiO3/precursor was 0.428. Such 
a high amount was due to the fact that no water or superplasticizer was 
used in the mixture because they significantly reduce the compressive 
strength of the geopolymer concrete. A total of 50 L of NaOH solution 
was used in each cubic meter of geopolymer concrete, so the quantity of 
activator (Na2SiO3+NaOH) solution was about 60% by weight of fly ash 
(211.2 kg/m3) for series with 6 M NaOH solution. The alkaline activator 
solution was prepared by mixing Na2SiO3 solution and the NaOH solu-
tion. Due to the high temperature of the alkali-activating solution (40- 
80 ◦C), it was prepared 24 h prior to its use to bring down its temper-
ature to laboratory conditions. 

2.2. Experimental design 

Three factors were studied in this research (12 series):(i) X1 - per-
centage of treated recycled coarse aggregate fraction 4–8 mm and 8–16 
mm. Three substitution ratios by weight of natural aggregate for treated 
recycled aggregate were tested: 0, 50 and 100%; (ii) X2 - molar con-
centration of sodium hydroxide (6, 8 and 10 M). The activator concen-
trations mentioned above were established based on the trial mixtures 
made previously. It was found that the use of an activator with a con-
centration above 10 M was not possible due to the lack of the possibility 
to vibrate the mixture (fast setting), possibly if the aggregates had been 
previously presaturated, higher molarities could have been tested; and 
(iii) X3 - curing temperature (40, 60 and 80 ◦C) during 24 h. On the basis 
of the above-mentioned variables, an experimental plan including 12 
research series was established (Sequential Hartley’s PS/DS-P:Ha3 
plan). Table 2 shows the geopolymer concrete mix proportions and 
test plan. For X1 the normalized values were − 1 if the percentage of 
substitution was 0%, 0 for 50% of substitution and 1 for 100% of sub-
stitution of NA by tRA. For X2 the normalized values were − 1 if the 
Molar concentration was 6 M, 0 for 8 M and 1 for 10 M. For X3the 
normalized values were − 1 if the temperature was 40 ◦C, 0 for 60 ◦C and 
1 for 80 ◦C. A similar procedure was carried out by Pawluczuk et al. 
[55]. 

Series 4 and Series 9 were used as reference mixes containing only 
natural and treated recycled aggregate, respectively. 

Due to the similar density of the recycled aggregate after thermal and 
mechanical treatment and the natural aggregate (Table 1), the amount 
of tRA was determined by weight, not by volume. Dry aggregates were 
weighed and placed in a mixer. The aggregates were used dry instead of 
presaturated to avoid the risk of the later transfer of water from within 
the aggregates to the geopolymer concrete matrix, which could alter the 
concentration of the activator solution (Na2SiO3 + NaOH) in the 
interfacial transition zone (ITZ) and alter the results. After this time, the 
activator was added and again mixed for 240 s. The mix was laid in 
forms in three layers. Each layer was compacted for 60 s using a 
vibrating table. Samples after molding were covered with foil and left for 
24 h under laboratory conditions. After 24 h, the samples were trans-
ferred to a laboratory dryer for heating at the temperature according to 
the experiment plan: 40 ◦C, 60 ◦C or 80 ◦C. To avoid evaporation of 
water from the samples, the molds in the dryer were covered with foil. 
Samples were heated for 24 h and then allowed to cool. The samples 
were then de-molded and placed on the grate over the surface of water. 
Samples matured in this way until they reached the age of 7 or 28 days, 
depending on the type of tests performed. 

2.3. Research methodology 

2.3.1. Physical-mechanical tests of the geopolymer concrete 
The physical-mechanical tests of the geopolymer concrete were 

conducted on 100 × 100 × 100 mm samples. The compressive strength 
tests after 7 and 28 days were carried out on 6 samples in accordance 
with standard EN 12390–3 [79]. The test for water absorption (after 28 

Table 1 
Properties of the natural aggregate (NA) and treated recycled aggregate (tRA).  

Properties Unit Natural aggregate 
(NA) 

Treated recycled 
aggregate (tRA) 

4–8 
mm 

8–16 
mm 

4–8 
mm 

8–16 
mm 

Volume density, ρa g/ 
cm3 

2.64 2.64 2.53 2.59 

Volume density in dry state, ρrd g/ 
cm3 

2.62 2.62 2.50 2.52 

Volume density in saturated 
surface dry state, ρssd 

g/ 
cm3 

2.66 2.66 2.57 2.58 

Water absorption, WA24 % 1.3 1.0 2.5 1.80 
Crushing value, CV % 10.4 11.4 13.6 11.8  
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days of curing) was performed according to the Polish standard 
PN-88/B-06250 (Ordinary concrete) on 4 samples [80]. According to 
standard EN 12390–7:2009 [81] dry density testing was carried out on 6 
samples for 28 days of curing. 

The frost resistance test was carried out in the presence of de-icing 
salts according to the procedure in UNE-CEN/TS 12390–9:2008 [82] 
based on the Swedish standard SS 13 72 44 (called the Borås method). 
This test was performed on 5 samples with dimensions of 150 × 150 ×
50 mm in each series. This study consisted in determining the mass of 
exfoliated material from the upper surface of the previously cut sample 
after 28 cycles of freezing and thawing in the presence of a 3% sodium 
chloride solution. Before that, however, the samples were properly 
prepared by sealing them with rubber foil and silicone and polyurethane 
foam. Then a 3 mm layer of 3% solution of NaCl was placed on the 
sample (Fig. 1). One cycle of freezing and thawing lasted 24 h. After 28 

cycles of freezing and thawing, peels were collected from the surface of 
the samples, dried to constant mass and weighed. 

The measure of frost resistance was mass loss, which was calculated 
from formula (1): 

mL =
mp

A
(3)  

Where: mL is the mass loss (kg/m2); mp is mass of peels (kg); A is the test 
surface area, (m2). The UNE-EN 772–11:2011 [83]standard was used to 
perform the capillary test of geopolymer samples. Samples were dried to 
constant mass at 70 ± 5 ◦C and were placed in a container ensuring 
access of water to the bottom. The samples were then immersed in water 
to a height of 5 mm ± 1 mm and mass measurements were made after 1, 
3, 6, 24 and 48 h, respectively, while maintaining a constant water level. 

The percentage mass increase was calculated according to formula 
(2): 

Δm(%)= (
mc − md

md
)⋅100 (4)  

Where Δm – increase of mass (%); mc– sample mass moistened by 
capillary action (g); md – mass of dried sample (g). 

2.3.2. Physicochemical and microstructural characterization 
To determine the chemical composition of the raw materials (fly ash, 

natural aggregate and treated recycled aggregate) and for the two ref-
erences mixes (Series 4 and 9 at the age of 28 days) X-ray fluorescence 
(XRF) was performed. 

All the raw materials and the reference mixes were characterized 
with XRD patterns. It was carried out with an instrument with CuKα (λ =
1.54050 Ȧ; 40 Kv; 30 mA). Diffraction patterns were measured between 
10◦ to 70◦ (2θ

◦

) at a rate of 0.006 2θ◦min− 1. 
The particle size distribution of the finest raw materials (fly ash) was 

measured using ethanol as a dispersant. The samples were dispersed on 
an ultrasonic vibrator for 10 min before grains-size analysis. The result 
shown was the average of three repetitions. 

Simultaneous thermogravimetric analysis and differential thermal 
analysis (TGA/DTA) were carried out for the raw materials and for two 
mixes used as reference control. TGA/DTA was performed at a heating 
rate of 5 ◦C.min− 1. The working temperature ranged from ambient 
temperature to approximately 1000 ◦C. 

The morphology, the composition and the ITZ between the aggregate 

Table 2 
Geopolymer concrete mix proportions for 1 mc. Real and normalized values.  

Series Curing 
temperature 

FA NaOH 
solution a 

Na2SiO3bb Molarity 
NaOHc 

Sand Natural aggregate Treated 
recycled 
aggregate 

Real values Normalized 
values 

0–2 2–4 4–8 8–16 4–8 8–16 X1, 
% 

X2, 
M 

X3, 
oC 

x1 x2 x3 

oC kg M kg   

1 60 350 66.9 150 10 585 167 418 502 0 0 0 10 60 − 1 1 0 
2 40 350 64.1 150 8 585 167 209 251.5 209 251.5 50 8 40 0 0 − 1 
3 40 350 66.9 150 10 585 167 0 0 418 502 100 10 40 1 1 − 1 
4d 80 350 61.1 150 6 585 167 418 502 0 0 0 6 80 ¡1 ¡1 1 
5 80 350 66.9 150 10 585 167 0 0 418 502 100 10 80 1 1 1 
6 60 350 61.1 150 6 585 167 209 251.5 209 251.5 50 6 60 0 − 1 0 
7 80 350 66.9 150 10 585 167 0 0 418 502 0 10 80 − 1 1 1 
8 40 350 61.1 150 6 585 167 418 502 0 0 0 6 40 − 1 − 1 − 1 
9e 80 350 61.1 150 6 585 167 0 0 418 502 100 6 80 1 ¡1 1 
10 40 350 61.1 150 6 585 167 0 0 418 502 100 6 40 1 − 1 − 1 
11 60 350 64.1 150 8 585 167 0 0 418 502 100 8 60 1 0 0 
12 40 350 66.9 150 10 585 167 418 502 0 0 0 10 40 − 1 1 − 1  

a Total weight NaOH solution. 
b Sodium silicate solution R145. Oxide content (SiO2 + Na2O): 35–43%. Molar module: 1.6 ÷ 2.6. 
c A total of 50 L of NaOH solution was used in each cubic meter of geopolymer concrete. 
d Series 4 used as reference geopolymer concrete only with the natural aggregate. 
e Series 9 used as reference geopolymer concrete only with the treated recycled aggregate. 

Fig. 1. Geopolymer concrete frost resistance test.  
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and geopolymer binder of two mixes used as reference control (Series 4 
and 9) were obtained using a scanning electron microscope (SEM) and 
Back Scattered Electron (BSE). Small portions of hardened geopolymer 
concrete were cut and then placed in epoxy resin. After 48 h the samples 
were subjected to further grinding and polishing to ensure high smooth 
surface quality. Silicon carbide papers of decreasing grit size were also 
used. For the mixes a sputtered with carbon was used. 

3. Results and discussion 

3.1. Physicochemical characterization of raw materials 

Table 3 shows the chemical composition of raw materials obtained 
with X-ray fluorescence (XRF). The largest chemical oxides equivalent 
composition for fly ash were SiO2 and Al2O3, which was in accordance 
with other previous characterization studies [13,19,84,85]. The ratio 
SiO2/Al2O3 was of 1.55. This ratio is slightly lower than the optimal 
ratio (2.5–3.5) to achieve the best mechanical properties of concrete 
[13].The NA is fundamentally siliceous; hence the majority oxide was 
SiO2 (quartz). The most important oxides in tRA were CaO followed by 
SiO2, which is justified by the previous thermal and mechanical treat-
ment (650 ◦C during 60 min) [57]. 

Fig. 2 shows XRD patterns obtained for fly ash, natural aggregate and 
treated recycled aggregate. The fly ash was observed to be an amorphous 
compound. The mains phases found for the fly ash was quartz (SiO2) 
(46–1045) [86] and mullite (Al6Si2O13) (15–0776) [86]. Magnetite 
(19–0629) [86], hematite (33–0664) [86] and anhydrite (37–1496) [86] 
were also found. These results are in agreement with those shown by other 
authors [27,84,87]. The main phase found for natural aggregate was quartz 
(SiO2) (05–0490) [86]. The phases of calcite (CaCO3) (05–0586) [86], 
dolomite (CaMg(CO3)2) (11–0078) [86] and albite (Na(Si3Al)O8) 
(09–0457) were also found [86]. This result is in line with the XRF obtained 
(Table 4). A similar result was found by several authors for siliceous natural 
aggregates [7,88]. For treated recycled aggregate the main phase found 
was quartz (SiO2) (05–0490) [86]. The phases of calcite (CaCO3) 
(05–0586) [86], dolomite (CaMg(CO3)2) (11–0078) [86] and albite (Na 
(Si3Al)O8) (09–0457) [86] were also found. Although the dehydroxylation 
of portlandite occurs between 400 and 500 ◦C (thermal treatment of RA 
[57]), the storage of the material may have resulted in hydration of the lime 
(calcium oxide) causing portlandite (44–1481) [86] which was identified 
in the samples tested. Hatrurite (alite) (86–0402) [86] also appears very 
mildly. Kalinowska-Wichrowska et al. [57] clearly found the hatrurite 
phase in samples heated to this same temperature. The ettringite phase also 
appears (41–1451) [86], which indicates that part of the products, such as 

hatrurite, formed after heat treatment, have been partially hydrated [89, 
90]. 

To know the particle-size distribution of the finest raw materials (fly 
ash), the particle sizes were measured (Fig. 3). It was observed that fly 

Table 3 
XRF chemical composition of the raw materials.  

Oxides Fly ash Natural aggregate Treated recycled aggregate 

Na2O 0.77 0.66 0.34 
MgO 1.28 0.85 2.31 
Al2O3 21.35 2.95 5.86 
SiO2 33.27 41.50 24.39 
P2O5 0.55 0.05 0.28 
SO3 0.46 0.03 1.47 
Cl2O3 – – 0.06 
K2O 2.53 1.34 1.09 
CaO 1.60 6.28 27.56 
TiO2 0.92 0.06 0.31 
Cr2O3 0.02 0.03 – 
MnO2 0.05 0.02 0.06 
Fe2O3 3.66 0.52 1.87 
CuO 0.01 – – 
ZnO 0.01 – – 
SrO 0.05 – 0.04 
Rb2O 0.01 – – 
BaO – – – 
BALANCE CO2 33.39 45.68 34.34 
TOTAL 100.00 100.00 100.00  

Fig. 2. XRD patterns for the raw materials.  

Table 4 
XRF chemical composition for reference mixes.  

Oxides Series 4 Series 9 

Na2O 3.36 2.94 
MgO 1.06 3.33 
Al2O3 7.78 8.88 
SiO2 32.95 41.08 
P2O5 0.17 0.15 
SO3 0.14 0.24 
Cl2O3 0.02 0.03 
K2O 1.59 1.77 
CaO 17.21 11.26 
TiO2 0.26 0.32 
Cr2O3 0.03 0.05 
MnO2 0.05 0.04 
Fe2O3 1.79 1.93 
SrO 0.03 0.02 
BaO 0.05 0.04 
BALANCE CO2 33.56 27.97 
TOTAL 100.00 100.00  

Fig. 3. Grain-size distribution of fly ash measured by laser diffraction.  
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ash had a wide distribution (from 0.079 to 138.033 μm). A similar result 
was obtained by Noushini et al. [20] for fly ash. Most of the particles 
were around 11.5 μm. Assi et al. [91] studied the effect of particle size 
distribution on the mechanical and microstructural properties of fly 
ash-based geopolymer concrete. The results show that as particle size 
decreases, compressive strength increased, the highest value being 
found for 4.78 μm [91]. 

Fig. 4 shows the thermogravimetric analysis (TGA, solid line) and 
differential thermal analysis (DTA, dotted line) for the raw materials. 
For the fly ash (A) the TGA shows a rapid weight loss associated with an 
endothermic peak at 40 ◦C, due to the loss of physically absorbed 
moisture. From 480 to 700 ◦C a greater weight loss was observed due to 
the oxidation and combustion of unburnt coal entrapped inside the fly 
ash particles [28,92]. For the natural aggregate three stages were 
observed: from room temperature to 105 ◦C the humidity contained in 
the material was lost (0.14%). In the second stage from 105 to 580 ◦C no 
weight loss was observed although a peak was found at 573 ◦C due to the 
transformation of the quartz from α to β phase (change in crystal 
structure) [93]. This result is in agreement with the main phase found in 
XRD for natural aggregate (Fig. 2). From 580 ◦C (third section), weight 
loss began to be observed, due to the decomposition of calcite and 
dolomite. This same behavior was observed by several authors [94,95]. 

For the treated recycled aggregate three main stages were also 
observed. The first up to 380 ◦C, where the observed weight loss occurs 
due to the loss of humidity and the dehydration of calcium silicates and 
aluminates [94,96]. In the second stage (380–500 ◦C) the decomposition 
of the portlandite found in the XRD occurs (Fig. 2) around 420 ◦C [94, 
97,98]. In the third stage (500–1000 ◦C) at 570 ◦C a endothermic peak 
was observed, due to the phase change from quartz α to β phase [93], 
since it is the main phase found in XRD (Fig. 2). The weight loss observed 
in this third section was due to the decomposition of calcite and dolo-
mite with a peak around 760 ◦C [99]. A similar result was found for 
several authors who used the recycled aggregate [57,100]. 

3.2. Physicochemical and microstructural characterization of reference 
mixes 

A physicochemical characterization was carried for the two refer-
ence mixes: Series 4 and 9. Table 4 shows XRF chemical composition for 
references mixes. The main oxides for both samples were SiO2, CaO and 
Al2O3. For Series 4 and 9 an increase in the CaO is striking, compared to 
what existed in the raw materials (Table 3). This was produced by the 
activation of the fly ash, whose main phase produced was calcium sili-
cate hydrate with a low Ca/Si ratio (0.79) [8]. In Series 9 an increase in 
silicon and aluminum was observed, which is due to the formation of 
aluminosilicate gel in this mixture, as Ren et al. indicated [101]. 

Fig. 5 shows XRD patterns obtained for the reference mixes. The 
phases found for Series 4 were quartz (SiO2) (05–0490) [86], calcite 
(CaCO3) (05–0586) [86], dolomite (CaMg(CO3)2) (11–0078) [86] and 
albite (Na(Si3Al)O8) (09–0457) [86]. The same phases were found for 
natural aggregate (Fig. 2) and a small amount of ettringite was also 
found (41–1451) [ [86]. A similar result was found by several authors 
[21,22,102]. Chindaprasirt et al. [14] indicated that the formation of 
ettringite occurs from the reaction between anhydrite (CaSO4) (Fig. 2) 

Fig. 4. TGA (solid lines) and DTA (dotted lines) curves: A) for the fly ash, B) for the natural aggregate and C) for the treated recycled aggregate.  

Fig. 5. XRD patterns for Series 4 and 9.  
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and aluminosilicates. This ettringite formation can lead to internal 
stresses in the geopolymer concrete leading to microcracking. The 
concentration of alkaline activator Na(OH) (15 M) can prevent the 
formation of ettringite, which can be negative in excessive amounts for 
the concrete geopolymer [14]. The main phases found for Series 9 were 
quartz (SiO2) (05–0490) [86]. Furthermore, also found were calcite 
(CaCO3) (05–0586) [86], dolomite (CaMg(CO3)2) (11–0078) [86] and 
albite (Na(Si3Al)O8) (09–0457) [86]. This is in accordance with what 
was indicated for tRA (Fig. 2), which is the aggregate that is part of this 
mixture (Series 9). Also, the phases of ettringite (11–0078) [86], 
xonotlite (CaSiO3⋅H2O) (03–0341) [86] and calcium aluminum silicate 
hydrated (52–1344) were found [86]. This result is in agreement with 
what was found by several authors [102,103] and it was already indi-
cated that these phases could be formed in the analysis of the XRF for 
Series 9 (Table 4) [101]. The formation of the calcium silicate hydrated 
gel (CSH) and calcium aluminate silicate hydrated gel (CASH) with the 
use of RA can result in improved mechanical properties and rapid 
hardening compared to NA [31,103]. 

Fig. 6 shows TGA (solid line) and DTA (dotted line) for Series 4 and 9. 
For Series 4 the TGA can be divided into three stages. In the first stage 
(from room temperature to 150 ◦C) a weight loss can be observed 
attributed to the evaporable water in the concrete geopolymer and to the 
beginning of decomposition of hydration products, such as ettringite 
[23,31]. In the second stage (150–500 ◦C) it was due to the dehydration 
of calcium silicates and aluminates, no weight loss was observed cor-
responding to portlandite. In the third section (500–1000 ◦C) decar-
bonation of calcite took place [23,31,57,104]. For Series 9 (Fig. 6) a 
lower weight loss than in Series 4 was observed, which is in accordance 
with the weight losses found for the NA and tRA (Fig. 4). The same stages 
as for Series 4 were found; similar results were found by several authors 
[23,31,57,104]. 

The interfacial transition zone (ITZ) between the geopolymer binder 
and aggregates has a very important effect on the mechanical strength of 
geopolymer concrete, since the weakest point of the concrete with the 
RA is due to the old attached mortar [8,105]. Most ITZ studies study the 
two new ITZs formed: one between the RA and geopolymer binder and 
the other between the NA and geopolymer binder [105]. In this case, 
only the ITZ between the natural aggregate and the geopolymer binder 
(for Series 4) and between the treated recycled aggregate and 

geopolymer binder for Series 9 has been studied. 
Fig. 7 shows a SEM image (A) and mapping (B) of Series 4 at low 

magnification. Unreacted fly ash was first observed, unreacted fly ash 
particles were also observed by Mehta et al. [21]. Ouda et al. [31] 
indicated that these unreacted particles reduced the compressive 
strength of geopolymer structure. Due to the composition shown in the 
mapping, natural siliceous aggregate (quartz) and some small particles 
of calcite and dolomite were also observed (Fig. 7 B). Also, microcracks 
in the geopolymer binder were observed (Fig. 7A) [102]. These micro-
cracks may be due to the process of obtaining the samples (small pieces) 
or by polishing them [11]. 

At much higher magnification, even the ettringite can be observed 
(Fig. 7C and D). This ettringite formation is in line with that already 
indicated in XRD for Series 4 (Fig. 5) [21,22,102]. Chindaprasirt et al. 
[14] also found ettringite in geopolymer concrete prepared with NaOH 
12 M and lower concentrations (the high concentration of NaOH aids in 
the dissolution of calcium sulfate and formed calcium hydroxide). For 
these authors [14,21,22,102] the ettringite was formed in the holes and 
in microcracks. 

Fig. 8 A and B shows a SEM image and mapping of Series 9 at low 
magnification. The mapping obtained helps to differentiate between the 
geopolymer binder and the treated recycled aggregate. A microcrack 
was found in the treated recycled aggregate, which may be due to the 
previous treatment performed on the RA [57]. Unreacted fly ash was 
also observed in the geopolymer binder. At this magnification, no 
microcracks were observed in the binder geopolymer. It appears that the 
ITZ between the tRA and the geopolymer binder is fully bonded and only 
small defects appear in some areas that may be due to the polishing 
process of the samples. At higher magnification (Fig. 8C and D) the zone 
marked in Fig. 8 B is observed. We can divide the union between the tRA 
and geopolymer binder into 3 zones: the treated recycled aggregate, ITZ 
and geopolymer binder. It again appears that the bond between the tRA 
and geopolymer binder was fully bonded. 

A higher magnification was used in Fig. 9. Focusing on the interface 
area (Fig. 9 A and B) it was observed that the union between interface 
and geopolymer binder was not fully bonded, having a crack of around 
1 μm. At a very high magnification (Fig. 9C and D), in the zone closer to 
the geopolymer binder, the CSH and CASH gel previously identified by 
XRD (Fig. 5) could be visualized as an agglomerate of particles. 

Fig. 6. TGA (solid lines) and DTA (dotted lines) curves for Series 4 and Series 9.  
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Additionally, particles of ettringite were observed. Wang et al. [103], 
using SEM analysis, already indicated that these compounds could be 
formed. These authors also demonstrated that the curing temperature of 
80 ◦C increased the binding between the RA and the fly ash particles. Xie 
et al. [29] observed that at the interface between RA and the geopolymer 
binder aluminosilicate gel (CASH) and CSH gel were formed. Shi et al. 
[105] found CSH in the ITZ. This formation can lead to an improvement 
in the mechanical properties [29,31,101,103,105]. 

3.3. Physical-mechanical properties 

Table 5 shows the average test results of the geopolymer concrete in 
terms of compressive strength after 7 and 28 days, water absorption 
capacity, water absorption by capillarity, dry density and resistance to 
freezing and thawing. 

The results obtained of geopolymer composite tests were subjected to 
statistical analysis, aimed at determining the approximating function 
describing the changes in individual properties of the tested geopolymer 

Fig. 7. SEM images and mapping with the identification of the geopolymer binder, natural aggregate and microcracks for Series 4.  

Fig. 8. SEM images and mapping with the identification of unreacted fly ash particles, CSH and CASH formation and microcracks for Series 9.  
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concrete depending on the adopted variable factors (X1, X2 and X3). 
The analyses were performed on the values of coded variables (x1 = − 1, 

x2 = 0, x3 = 1). The compressive strength test after 7 days of curing was 
carried out on 6 samples of 100 × 100 × 100 mm in each series. Figs. 10 
and 11 show changes of this feature depending on the variable codes. 

Fig. 10 shows that for a curing temperature of 80 ◦C (x3 = 1) the 
geopolymer concrete made with 100% of treated recycled concrete 
aggregate (x1 = 1) and a 10 M activator solution (x2 = 1) reached the 
highest compressive strength value (Series 5: 58.95 MPa), while the 
lowest compressive strength value (Series 4: 37.23 MPa) was obtained 
with the use of 100% natural aggregate (X1 = − 1) and a 6 M activator 
solution (x2 = − 1). 

Fig. 11 shows that for a 10 M activator solution (x2 = 1) the highest 
compressive strength value at 7 days (Series 5: 58.95 MPa) was achieved 
with 100% of coarse treated recycled concrete aggregate (x1 = 1) and a 
curing temperature of 80 ◦C (x2 = 1), while the lowest compressive 
strength value (series 12: 5.97 MPa) was achieved in geopolymer con-
crete made with 100% of natural aggregate (x1 = − 1) and curing tem-
perature of 40 ◦C (x3 = − 1). 

From the results analysis (Table 5, Figs. 10 and 11), it was observed 

that the variable that had the most influence on the compressive 
strength values was the curing temperature (factor X3). In the case of 
geopolymer concrete made with a 10 M activator solution and 100% 
natural aggregate, the compressive strength value increased approxi-
mately 695% when the curing temperature increased from 40◦ to 80 ◦C 
(series 12 vs series 7). This increase was lower (172%) in the case of the 
geopolymer concrete series made with 100% treated recycled concrete 
aggregate (series 3 vs series 5). 

In geopolymer concrete made with 100% natural aggregate, the in-
crease in compressive strength due to the curing temperature was 381% 
in 6 M solutions (series 8 vs series 4). This value was less than the 695% 
increase achieved in 10 M solutions (series 12 vs series 7). In geopolymer 
concrete made with 100% tretaed recycled concrete aggregates, the 

Fig. 9. SEM images and mapping with the identification of the geopolymer binder and the CSH and CASH for Series 9.  

Table 5 
Average test results of the geopolymer concrete.  

Series 
no 

fcm,7 fcm,28 Water 
absorption 

Water 
capillarity 

Dry 
density 

Frost 
resistance 

MPa MPa % % kg/m3 kg/m2 

1 41.99 46.94 5.36 5.1 2250 0.84 
2 8.77 25.77 5.97 5.7 2210 0.75 
3 21.65 36.86 6.34 5.5 2180 0.95 
4 37.23 40.19 5.12 4.7 2240 0.00 
5 58.95 60.48 5.17 4.3 2250 0.00 
6 44.32 47.66 6.35 5.7 2150 0.60 
7 47.44 51.48 5.01 4.6 2310 0.00 
8 7.74 20.82 7.23 5.7 2120 0.90 
9 51.55 52.93 6.86 5.7 2210 0.00 
10 12.14 29.47 7.85 6.0 2180 1.23 
11 42.00 47.70 6.68 5.9 2190 0.60 
12 5.97 22.00 6.86 5.5 2260 0.66  

Fig. 10. Compressive strength after 7 days depending on variables x1 and x2 
with x3 =1. 
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increase in compressive strength values was 325% using a 6 M activator 
solution (series 10 vs series 9) compared to 172% for the 10 M solution 
(series 3 vs series 5). 

The compressive strength test after 28 days was carried out on 6 
samples of 100 × 100 × 100 mm in each series. Figs. 12 and 13 show the 
changes in this feature depending on the variable codes. 

In Fig. 12 a trend like Fig. 10 was observed. For a curing temperature 
of 80 ◦C (x3 = 1) the geopolymer concrete made with 100% of treated 
recycled concrete aggregate (x1 = 1) and a 10 M activator solution (x2 
= 1) reached the highest compressive strength value (Series 5: 60.48 
MPa), while the experimental lowest compressive strength value (Series 
4: 40.19 MPa) was obtained with the use of 100% natural aggregate (X1 
= − 1) and a 6 M activator solution (x2 = − 1). Compressive strength 
values increased only 2.6% in series 5 of geopolymer concrete and 
7.95% in series 4, which is much less than in conventional concrete 
made with OPC. 

Fig. 13 shows that for a 10 M activator solution (x2 = 1) the highest 
compressive strength value at 7 days (Series 5: 60.48 MPa) was achieved 
with 100% of coarse treated recycled concrete aggregate (x1 = 1) and a 
curing temperature of 80 ◦C (x2 = 1), while the lowest compressive 
strength value (series 12: 22.00 MPa) was achieved in geopolymer 
concrete made with 100% of natural aggregate (x1 = − 1) and curing 
temperature of 40 ◦C (x3 = − 1). However, while the increase in 
compressive strength values in series 5 was 2.6% from 7 to 28 days of 
curing age, in series 12 this increase was 269%. 

An increase was observed with the use of 100% of treatedrecycled 
aggregate for a 6 M activator solution and curing temperature of 80 ◦C 
(40.19 and 52.93 MPa for Series 4 and Series 9, respectively). This result 
was in accordance with the new phases (CSH and CASH) found in XRD 
(Fig. 5) and SEM (Figs. 8 and 9) [29,31,103]. The presence of active 
cement mortar residue on the surface of the treated recycled aggregate 
improved the adhesion of the geopolymer mass, thereby improving the 
strength properties of the composite made with treated recycled con-
crete aggregates. In addition, calcium oxide remaining after portlandite 
dehydroxylation because of heating treatment of concrete aggregates 
(XRF result) actively participated in the polymerization process 
(Table 4). A high calcium content provides extra nucleation sites for 
precipitation of dissolved species (CaO), which increases the solidifica-
tion rate and causes rapid hardening [72]. 

As in the 7-day analysis, the main factor affecting the 28-day 
compressive strength values was the curing temperature (factor X3). 
In the case of geopolymer concrete made with a 10 M activator solution 
and 100% natural aggregate, the compressive strength value increased 
approximately 134% when the curing temperature increased from 40◦

to 80 ◦C (series 12 vs series 7). This increase was lower (64.1%) in the 
case of the geopolymer concrete series made with 100% treated recycled 
concrete aggregate (series 3 vs series 5). 

In geopolymer concrete made with 100% natural aggregate, the in-
crease in the compressive strength values due to the curing temperature 
at the age of 28 days was 93% in 6 M solutions (series 8 vs series 4), a 
much lower percentage than at 7 days. This value was less than the 
134% increase achieved in 10 M solutions (series 12 vs series 7). In 
geopolymer concrete made with 100% treated recycled concrete ag-
gregates, the increase in the compressive strength values due to the 
curing temperature was 80% using a 6 M activator solution (series 10 vs 
series 9) and64% for the 10 M solution (series 3 vs series 5). 

Similarly, a beneficial effect of the increase in curing temperature 

Fig. 11. Compressive strength after 7 days depending on variables x1 and x3 
with x2 = 1. 

Fig. 12. Compressive strength after 28 days depending on the variables x1 and 
x2 with x3 = 1. 

Fig. 13. Compressive strength after 28 days depending on variables x1 and x3 
with x2 = 1. 
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from 25 ◦C to 70 ◦C on the compressive strength of the geopolymer made 
with recycled material was observed by Allahverdi and Najafi [63]. 
Hardening in high curing temperature increases compressive strength by 
removing water from a fresh geopolymer, causing collapse of capillaries 
with a denser structure [106]. Moreover, the increase in the NaOH 
concentration clearly influenced the increase in the compressive 
strength, which is confirmed by the results obtained by other researchers 
[107,108]. A high NaOH concentration of the system enhanced the 
leaching of silica and alumina and may have resulted in increased 
geopolymerization (Eqs. (1) and (2)). The increase in activator con-
centration has a particularly beneficial effect on the geopolymer com-
posite compressive strength in the presence of a high curing temperature 
(80 ◦C). At the curing temperature of 40 ◦C, after 7 days, only 27–37% of 
28-day strength was obtained, when only the natural aggregate was used 
and 41–59% in the presence of 100% treated recycled aggregate. When 
the composite was treated at 80 ◦C after 7 days of curing, it obtained 
92% and 97% strength for 28 days, when the natural aggregate and 
treated recycled aggregate were used respectively. 

Thus, the presence of coarse treated recycled aggregate after thermal 
and mechanical treatment had a very beneficial effect on the strength re-
sults of the geopolymer concrete, especially at low curing temperatures. In 
turn, Nuaklong et al. [109], who also used recycled concrete aggregate for 
geopolymer concrete based on fly ash, achieved a decrease in the 
compressive strength by up to 24%. This was due to the fact that the RA 
was not subjected to any additional treatment and contained approxi-
mately 38% of porous cement mortar. 

No relationship was found between the dry bulk density and the 
compressive strength values. The results of the dry bulk density obtained 
for individual series were in the range of 2120–2310 kg/m3 and they did 
not differ from one another by more than 5%. 

Figs. 14 and 15 show the trend of water absorption as a function of 
the variables X1, X2 and X3. The water absorption values of the geo-
polymer concrete series were affected by all the analyzed factors, 
although the curing temperature was the most significant. Fig. 14 shows 
that for a 6 M activator solution (x2 = − 1) and a curing temperature of 
60 ◦C (x3 = 0) the highest water absorptionvalue (>6.5%) was achieved 
with 100% of treated coarse recycled concrete aggregate (x1 = 1), which 
is justified by the higher water absorption capacity of recycled concrete 
aggregates [110] and the lowest compressive strength achieved with 
activator solutions 6 M. The theoretically lowest water absorption value 
(<4.2%) was achieved in geopolymer concrete made with 50% of nat-
ural aggregate and 50% of treated recycled concrete aggregate (x1 = 0), 

which may be justified by the higher compactness capacity of recycled 
aggregates [111]. The lowest experimental water absorption value 
(5.36%) obtained for geopolymer concrete cured at 60 ◦C was obtained 
for series 1 (x1 = − 1; x2 = 1). 

Fig. 15 shows that when the curing temperature was lower (x3 = − 1) 
the water absorption increased, especially in geopolymer concrete made 
with coarse treated recycled concrete aggregates. Series 10 (x1 = 1; x2 
= − 1; x3 = − 1) showed the highest experimental water absorption 
value (7.85%). In geopolymer concrete made with natural aggregates, 
when the increase in curing temperature was from 40 ◦C to 80 ◦C, a 
decrease of 29% and 27% in the water absorption values were observed 
at activator concentrations of 6 M and 10 M, respectively (series 4 vs 
series 8; series 7 vs series 12). Furthermore, higher activator concen-
tration resulted in a slight decrease in the water absorption by 2% and 
5% at a curing temperature of 40 ◦C and 80 ◦C, respectively (series 4 vs 
series 7; series 8 vs series 12). 

In geopolymer concrete with 100% treated recycled concrete ag-
gregates the water absorption decreased by 12.6% and 18.5% when the 
curing temperature increased from 40 ◦C to 80 ◦C, at 6 M and 10 M of the 
activator solution respectively (series 10 vs series 9; series 3 vs series 5). 

Fig. 16 shows the evolution over time of the capillarity water ab-
sorption after 1, 3, 6, 24 and 48 h of testing. Based on the results of 
capillarity water absorption, it was found that in the first hour of the test 
the samples absorbed 20–44% of water regarding the results obtained 
after 48 h. Samples in Series 4, 5 and 7, with the highest curing tem-
perature, showed the lowest capillarity water absorption values. Curing 
temperature accelerates the polymerization process and thus seals the 
composite structure responsible for the water absorption by capillarity. 
A certain line trend between water absorption by capillarity and water 
absorption by immersion was observed (Fig. 16 inset). 

The geopolymer concrete frost resistance test was performed and the 
results are shown in Table 5. The weight loss in kg/m2 was determined 
based on the mass of peels collected from the surface of samples after 28 
freezing and thawing cycles. In series 4, 5, 7 and 9 with the highest 
curing temperature of 80 ◦C, no peeling was observed after 28 freezing 
and thawing cycles. On the contrary, the series with a higher value of 
weight loss were series 10, 3 and 8, all done with 40 ◦C. The effect of 
temperature can be compensated with the increase in the activator 
concentration (series 8 vs series 12 and series 10 vs series 3). The geo-
polymer concrete made with AR showed a greater loss of mass than that 
made with natural aggregates for any temperature, except for 80 ◦C of 
curing temperature, and concentration of the activating solution (series 
8 vs series 10, series 12 vs series 3). Fig. 17 presents changes in the 

Fig. 14. Water absorption depending on variables x1 and x2 with x3 = 0.  

Fig. 15. Water absorption depending on variables x1 and x3 with x2 = 1.  
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results of frost resistance depending on the content of treated recycled 
aggregate (x1) and the curing temperature (x3). 

It can therefore be concluded that the proper curing temperature 
determines the durability of geopolymer composites. It should be noted 
that in any series (except Series 10) the mass of peels did not exceed 1.0 
kg/m2, so they can be classified in category FT1 (Mp ≤ 1.0 kg/m2). 
Different results were obtained by Temuujin et al. [112]. They prepared 
geopolymer from FA Class F activated by a NaOH/Na2SiO3 solution and 
cured it at 70 ◦C for 22 h. Their freeze-thaw results showed that these 
samples had very poor frost resistance, cracking after only 5 cycles. 

4. Short final discussion 

The purpose of this work was to determine the impact of molar acti-
vator concentration and curing temperature on the properties of geo-
polymer concrete using natural and thermo-mechanical treated coarse 
recycled concrete aggregate. Three variables were adopted for the study: X1 
– treated recycled concrete aggregate content (0%, 50%, 100%), X2-molar 
activator concentration (6 M, 8 M, 10 M) and X3 – curing temperature (40 
◦C, 60 ◦C, 80 ◦C). XRD showed that CSH and CASH gel formation when 
using the treated recycled concrete aggregate in the geopolymer concrete 
increases the compressive strength and decreases the curing temperature 
required. By means of SEM, the matrix of the geopolymer concrete with the 
natural aggregate and treated recycled concrete aggregate was observed. 
SEM and mapping showed how the CSH and CASH were formed on the 
interfacial transition zone (ITZ). 

Statistical analysis of the test results enabled determining the depen-
dence of the examined features of the geopolymer concrete on the analyzed 
factors X1, X2 and X3. The substitution of 100% of natural aggregate by 
thermo-mechanical treated coarse recycled concrete aggregate improved 
the mechanical properties above all for 6 M activator concentration and 80 
◦C of curing temperature. This was mainly due to the remains of cement 
mortar, which resulted in a better connection with the treated recycled 
concrete aggregate and geopolymer paste (formation of the CSH and CASH 
on the ITZ). Also, free lime present on the surface of the treated recycled 
aggregate because of its heating actively participated in the geo-
polymerization process. However, a slight increase in the absorbability of 
geopolymer concrete and the mass of peels after 28 freezing and thawing 
cycles was observed due to the presence of residual porous cement mortar 
on the tRA surface. 

The best geopolymer concrete properties were achieved with a NaOH 
concentration of 10 M. The highest compressive strength and decrease in 
water absorption caused by less water supplied to the geopolymer concrete 
with the activator was observed. Statistically, the parameter with the 
highest influence on the geopolymer concrete properties was the curing 
temperature. At 80 ◦C, the most favorable values for both compressive 
strength (about a 2-time increase compared to 40 ◦C) as well as water 
absorbability (a decrease of 2–3.6%) were measured. Moreover, the lowest 
water absorption by capillarity and the frost resistance values (no peeling 

Fig. 16. Water absorption by capillarity over time and relation of water absorption by immersion vs capillarity (inset).  

Fig. 17. Weight loss (mass of peels) depending on x1 and x3.  
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after 28 cycles) were observed. 

5. Conclusion 

This paper studied the impact of molar activator concentration and 
curing temperature on the properties of geopolymer concrete using 
natural and thermo-mechanical treated coarse recycled concrete 
aggregate. The results have shown that the presence of the coarse 
treated recycled concrete aggregate after thermo-mechanical treatment 
had a very beneficial effect on the mechanical properties of geopolymer 
concrete, especially at low curing temperatures (40 ◦C), which, in 
addition to having a positive effect on the promotion of the circular 
economy in the construction sector, can have a positive effect on saving 
energy and reducing carbon emissions in the manufacture of this type of 
composite materials. As a less favorable factor, it should be noted that 
the durability properties may be slightly diminished, such as water ab-
sorption by immersion, water absorption by capillarity and resistance to 
freeze-thaw. Further research should be focused on determining the 
impact of treated recycled concrete aggregates and curing temperature 
on the durability properties of geopolymer concrete. The best geo-
polymer concrete properties were achieved with a NaOH concentration 
of 10 M. 
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References 

[1] J.A.H.W. Olivier, J.G.J. Peters, Trends in Global CO2 and Total Greenhouse Gas 
Emissions: 2019 Report, PBL, Netherlands Environ. Assess. Agency Hague, 
Netherlands, 2020. 

[2] T. Higuchi, M. Morioka, I. Yoshioka, K. Yokozeki, Development of a new 
ecological concrete with CO2 emissions below zero, Construct. Build. Mater. 67 
(2014) 338–343, https://doi.org/10.1016/j.conbuildmat.2014.01.029. 
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Accelerated carbonation of fresh cement-based products containing recycled 
masonry aggregates for CO2 sequestration, J. CO2 Util. 46 (2021), https://doi. 
org/10.1016/j.jcou.2021.101461. 

[8] B. Singh, G. Ishwarya, M. Gupta, S.K. Bhattacharyya, Geopolymer concrete: a 
review of some recent developments, Construct. Build. Mater. 85 (2015) 78–90, 
https://doi.org/10.1016/j.conbuildmat.2015.03.036. 

[9] D. Suescum-Morales, D. Cantador-Fernández, J.M. Fernández, J.R. Jiménez, 
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durability of concrete made with fine recycled concrete aggregates using 
superplasticizers, Materials 9 (2016), https://doi.org/10.3390/ma9020098. 
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