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The paper presents the research into the effect of an integrated pozzolanic addition containing glass powder and metakaolin 
on the physical and mechanical properties and the resistance to an alkali aggregate reaction in mortars incorporating 
crushed glass. Six batches of specimens were made for the tests. Sand was replaced with 25 % of crushed waste glass in all 
the specimens. Cement was replaced with 5 % of glass power (GP) and 5 % – 25 % of metakaolin (MK) by weight. Specimens 
containing 20 % of the compound pozzolanic addition were found to have better physical and mechanical properties and 
higher resistance to alkali aggregate reactions compared to the reference specimens without the addition. Additional 
hydration products were observed in X-ray and microstructure tests. The formation of new products confirms the results 
of the tests of the physical and mechanical properties and resistance to alkali aggregate reactions. Mortars incorporating 
crushed glass were found to be suitable for applications in potentially corrosive environments when modified with a 20 % of 
a compound pozzolanic addition consisting of 5 % waste glass powder and 15 % waste metakaolin.

INTRODUCTION

 Concrete is the most popular construction material 
used in the majority of construction work in the world. 
According to different standards, the normative lifetime 
of building structures ranges from 50 to 70 years and 
the service life of reinforced concrete structures varies 
depending on the type and purpose of the structure. 
Portland cement (PC) is the major ingredient of concrete. 
Unfortunately, manufacturing Portland cement genera-
tes very high CO2 emissions accounting for around 7 % of 
the total global CO2 emission per annum [1]. Therefore, 
the concrete industry currently faces major challenges in 
finding cost-effective strategies in reducing the carbon 
dioxide emissions from manufacturing Portland cement 
[2]. Using mineral materials reclaimed from industrial 
waste to replace cement and natural aggregates is one 
of the most common environmental impact abatement 
techniques in the concrete industry [3–8]. Different 
alternatives, such as crushed glass, glass powder and 
metakaolin, are considered to be viable solutions for a 
greener and more sustainable civil construction industry 
as these secondary raw materials are readily available 
[9–11]. Besides, the amount of waste glass accumulated 
raises concerns about its disposal. Only a small portion 
of glass waste is currently recycled and reused [12- 13]. 

However, a much bigger share (about 70 %) is disposed 
in landfills [14–15]. A scientific literature review has 
shown that glass powder acts as a pozzolanic material 
in concrete, i.e., by reacting with portlandite it forms an 
additional C-S-H phase [16]. On the other hand, almost 
any other inorganic mineral that does not form a negative 
reaction with PC can be classified as a micro-aggregate. 
Metakaolin is another type of industrial waste generated 
in manufacturing processes and accumulated in storage 
places. The annual generation of metakaolin in Lithuania 
is almost 1000 tonnes. Metakaolin is obtained via an 
endothermic reaction of kaolin. The dehydroxylation of 
kaolin starts at 450 °C and continues at a temperature up 
to 900 °C; amorphous metakaolin Al2Si2O7 is obtained 
at a temperature above 925 ‒ 950 °C; at 1050 °C 
metakaolin transforms into spinel Si3Al4O12 and mullite 
[7]. In terms of reactivity, metakaolin is one of the most 
effective pozzolans with reactivity of 954 mg Ca(OH)2/g 
compared to 427 g reactivity of silica microspheres 
and 875 g of fly ash [17]. However, incorporation of 
metakaolin into the mix may reduce the workability of 
standard concrete. Compared to the addition of silica 
fume, concrete mixes modified with metakaolin require 
25 % – 35 % less superplasticisers [18].
 Radonjanin et al. replaced 10 % of ordinary Portland 
cement by metakaolin and found that the early strength 
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of the modified concrete was the same as the strength of 
the reference concrete, but after 28 days, the compressive 
strength of the modified concrete increased by 13 % and 
by an additional 9 % after 90 days [19].
 Ouyang et al. found that the optimal level for 
replacing cement with metakaolin was 15 %, leading to a 
20 % improvement in the compressive strength; however, 
superplasticisers must be added in order to ensure the 
workability of the modified concrete [20]. Metakaolin has 
an effect on the structure of concrete pores by reducing 
the transmission of corrosive ions and the rate of diffusion 
[21]. Such a modification can increase the durability of 
concrete. A lower Cl concentration in the pore solution 
was found in cement pastes containing 10 % and 20 % of 
metakaolin. Metakaolin incorporated in concrete mixes 
reduces the expansion of concrete in sodium hydroxide 
solutions as well as the expansion caused by an alkali 
aggregate reaction [22-24]. Metakaolin was also found 
to be an alternative pozzolanic addition and an effective 
replacement of silica fume in high performance concrete 
[25]. The study presented, in this paper, focuses on the 
partial replacement of cement with metakaolin in a mor-
tar incorporating crushed glass.
 Crushed glass in cement mortars can induce an 
alkali aggregate reaction (AAR). AAR occurs in con-
cretes containing crushed glass with particles bigger than 
0.5 mm. However, a glass powder with a particle size less 
than 300 μm has a pozzolanic effect and, thus, can re- 
duce the expansion caused by the alkali silica reaction 
(ASR) [10]. 
 Rajabipour et al. explain that bigger particles 
of crushed sand (in the range of a small particle size) 
have sufficiently wide microcracks for hydroxyl ions to 
diffuse, leading to high concentrations of dissolved silica 
dioxide and sodium. This high concentration creates 
favourable conditions for the formation of ASRs [26].

 On the other hand, the volume of the gel in the 
C-S-H gel/cement grain interface is not large due to the 
unlimited content of silica dioxide and sodium hydro-
xide. In contrast to the processes taking place in bigger 
particles, the internal AARs in smaller particles (e.g., 
a powder) is very low and the inter-phase pozzolanic 
reaction prevails.
 Some authors researched the effect of aggregates on 
AARs and proposed theories explaining the decreased 
AAR extent caused by reactive natural aggregates. These 
theories were taken as a basis for the research presented 
in the paper. The lower amount of cement used directly 
reduces the level of alkaline ions and, thus, inhibits the 
development of AARs [27]. Finely ground reactive silica 
dioxide adds to the distribution of the cement in the 
form of a gel. However, the silica fume present in the 
aggregates causes the accumulation of an alkaline silica 
gel in certain places that become potential expansion 
points [28]. The aim of this research is to study the 
effect of industrial waste used as a pozzolanic addition 
on the alkali aggregate reaction in mortars incorporating 
crushed glass.

EXPERIMENTAL

 Portland cement CEM I 42.5 R, crushed waste 
glass, glass powder, and metakaolin were used for the 
tests. The physical and mechanical properties of the 
materials used are given in Table 1. Table 2 presents the 
chemical compositions of the cement, glass powder and 
metakaolin. The pozzolanic activity of the glass powder 
(560 mg·g-1) was found to be lower compared to the 
activity of metakaolin (927 mg·g-1).
 Sand of a 0/4 fraction, particle density of 2488 kg·m-3 

and a bulk density of 1643 kg·m-3 was used for the tests. 
Glass powder of a 0/4 fraction was used.

Table 1.  Properties of the cement, glass powder and metakaolin.

             Properties CEM I 42.5 R Glass powder Metakaolin
Specific surface area (cm2·g-1) 3700 2514 7036
Particle density (kg·m-3) 3200 2500 2147
Bulk density (kg·m-3) 1200 850 600
Pozzolanic activity (mg·g-1) - 560 927
Standard consistency paste (%) 25.4 - -
Initial setting time (min) 140 - -
Final setting time (min) 190 - -
Compressive strength after 7 days (MPa) 28.9 - -
Compressive strength after 28 days (MPa) 54.6 - -

Table 2.  Chemical composition of the cement, glass powder and metakaolin.

Chemical composition of cement (%)
SiO2 Al2O3 Fe2O3 CaO K2O SO3 Na2O TiO2 MgO Other
20.76 6.12 3.37 63.50 1.00 0.8 0.3 - - 4.45

Chemical composition of glass powder (%)
68.15 12.18 1.30 3.95 2.80 - 0.75 0.20 0.90 9.77

Chemical composition of metakaolin (%)
50.6 34.0 0.74 2.49 0.7 0.07 10.1 0.37 0.59 0.34
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 The compositions of the specimens moulded 
from the cement mortar are presented in Table 3. The 
specimens were moulded from a concrete mix where a 
certain portion of cement was replaced with the glass 
powder and metakaolin. 25 % of the sand was replaced 
with crushed glass powder. The water-to-binder (W/B) 
ratio of 0.47 was kept constant for all the specimens.
 The cement mortar was mixed mechanically 
using a laboratory mortar mixer. The mixing time was 
240 seconds. The mixed mortar was poured into standard 
40 × 40 × 160 mm moulds and cured for 24 hours. 
After 24 hours, the moulds were disassembled and the 
specimens were further cured in water at 20 ± 1.0 °C for 
27 days.
 The essential physical and mechanical properties of 
the mortars were determined according to the applicable 
standards. The density of the specimens was determined 
according to the requirements of EN 772-13, the compre-
ssive strength was determined according to EN 196-1.
 A SmartLab (Rigaku) diffractometer was used to 
determine the phase composition of the cement mortar 
specimens. The X-ray diffraction patterns were recorded 
in an angular range of 5 ‒ 75° (2θ), a detector step 
0.02°, a detector movement speed of 1° per minute. The 
Database of Crystal Structures PDF- 4+ (2016) was used 
for the automated quantitative analysis.
 The microstructure of the cement mortar, glass 
powder and metakaolin was determined by means of 
scanning electron microscopy (SEM). Tests were made 
using a SEM JEOL 7600 device. The ASR resistance of 
the concrete specimens was tested according to the Rilem 
AAR–2 modified methodology. The Rilem AAR–2 
test method is used to evaluate the potential alkali re-
activity of aggregates when the tested specimens are kept 
in a 1 M NaOH solution at 80 °C for 56 days and their 
expansion is regularly measured.
 The cement mortar was mixed mechanically 
using a laboratory mortar mixer. The mixing time was 
240 seconds. The mixed mortar was poured into standard 
40 × 40 × 160 mm moulds and cured for 24 hours. 
After 24 hours, the moulds were disassembled and the 
specimens were further cured in water at 20 ± 1.0 °C for 
27 days.

 The essential physical and mechanical properties of 
the mortars were determined according to the applicable 
standards. The density of the specimens was determi-
ned according to the requirements of EN 772-13, the 
compressive strength was determined according to EN 
196-1.
 A SmartLab (Rigaku) diffractometer was used to 
determine the phase composition of the cement mortar 
specimens. The X-ray diffraction patterns were recorded 
in an angular range of 5 ‒ 75° (2θ), a detector step 
0.02°, a detector movement speed of 1° per minute. The 
Database of Crystal Structures PDF- 4+ (2016) was used 
for the automated quantitative analysis.
 The microstructure of the cement mortar, glass 
powder and metakaolin was determined by means of 
scanning electron microscopy (SEM). Tests were made 
using a SEM JEOL 7600 device. The ASR resistance of 
the concrete specimens was tested according to the Rilem 
AAR–2 modified methodology. The Rilem AAR–2 
test method is used to evaluate the potential alkali 
reactivity of aggregates when the tested specimens are 
kept in a 1M NaOH solution at 80 °C for 56 days and 
their expansion is regularly measured.

RESULTS AND DISCUSSION

 The analysis of the glass powder particle size 
distribution showed that 15.1 μm was the most common 
particle size of the tested ground waste glass. 90 % of the 
particles were smaller than 29 µm, 50 % were smaller than 
13.85 µm and 10 % were smaller than 2.69 µm. Figure 1 
presents the particle size distribution of the glass. The 
analysis of metakaolin particle size distribution showed 
that 90 % of the particles were smaller than 75.79 µm, 
50 % of metakaolin particles were smaller than 5.88 µm 
and 10 % were smaller than 1.27 µm. 
 Figure 2 shows the X-ray diagrams of the glass (a) 
and metakaolin (b), where the curves of the amorphous 
silica dioxide are visible in the glass powder X-ray 
diagram. The X-ray diffraction (XRD) analysis of the 
metakaolin showed the presence of quartz, illite and 
microcline.

Table 3.  Mixing proportion of mortar specimens.

Specimen marking by composition MK0 MK5 MK10 MK15 MK20 MK25
Metakaolin content (%) (by weight of cement) 0 5 10 15 20 25
Glass powder content (%) (by weight of cement) 5 5 5 5 5 5
Crushed glass content (%) (by weight of sand) 25 25 25 25 25 25
Cement (%) 25.55 24.2 22.86 21.51 20.17 18.82
Sand fraction (%) 45.45 45.45 45.45 45.45 45.45 45.45
Water (%) 12.48 12.48 12.48 12.48 12.48 12.48
Metakaolin (%) 0 1.35 2.69 4.04 5.38 6.73
Glass powder (%) 1.35 1.35 1.35 1.35 1.35 1.35
Crushed glass (%) 15.15 15.15 15.15 15.15 15.15 15.15
5 % by weight of cement 0.02 0.02 0.02 0.02 0.02 0.02
W/B 0.47 0.47 0.47 0.47 0.47 0.47
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 Figure 3 presents the results of the SEM test 
performed on the waste glass powder and metakaolin. 
According to Figure 3a, the waste glass powder particles 
had an irregular shape and an average size of approx. 
15 μm. Figure 3b clearly shows metakaolin plates with 
an average size of 10 μm.
 The density tests of the mortars modified with the 
pozzolanic waste and glass powder showed that the 
specimens containing 20 % of the addition (15 % MK 
and 5 % GP) had the highest density of 2330 kg·m-3 

(Figure 4). The density of the specimens tested was 
found to be directly related to the amount of metakaolin, 
i.e., a higher content of MK resulted in a higher density 
of the hardened mortar. The maximum difference in 

the density between the reference specimens and the 
specimens containing 15 % of silica fume is 68 kg·m-3, 
i.e., 2.92 %. Apparently, the density values in the 
specimens decreased with an increase in the pozzolanic 
waste in the mix up to 25 % and 30 %.
 Figure 5 illustrates the effect of the pozzolanic waste 
on the water absorption in the mortar. Water absorption 
values were found to decrease with a higher metakaolin 
content in the specimens modified with the metakaolin 
and glass powder. The water absorption values decreased 
from 8.1 % in the reference specimens to 6.8 % in 
specimens where the cement was replaced with 15 % of 
metakaolin. When the cement was replaced with 20 % 
and 25 % of metakaolin by weight, the water absorption 

b) metakaolin
Figure 1.  Particle size distribution.

a) glass powder

a) glass powder b) metakaolin
Figure 2.  XRD of the a) glass powder, b) metakaolin. M - microcline, I - illite, K – kaolin, Q – quartz.

a) glass powder b) metakaolin
Figure 3.  Microstructure of the a) glass powder b) metakaolin.
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values increased, but did not exceed the absorption levels 
of the reference specimens. 
 Mortar bars were formed for the alkali aggregate 
reaction tests according to the Rilem AAR–2 
methodology. Figure 6 illustrates the expansion of the 
specimens made of the cement CEM I 42.5 R conditioned 
in a 1 M NaOH solution of 80 °C for 56 days. After 56 
days of conditioning in the 1 M NaOH solution at 80 °C, 
the expansion of the reference specimens and specimens 
containing 10 % of MK exceeded 0.1 %. The highest 
expansion of 0.26 % was observed in the specimens 
containing 25 % of crushed glass and a combined 
addition of 5 % MK and 5 % of glass powder. The lowest 
expansion values of 0.02 % were recorded in specimens 

containing 25 % of crushed glass and a combined addition 
of 20 % MK and 5 % of glass powder. The expansion 
diagram shows that the expansion of the specimens 
gradually decreases when the content of metakaolin 
replacing the cement by weight increases from 5 % 
to 25 %. It can be stated that that the expansion of the 
specimens incorporating crushed glass does not exceed 
0.1 % when the specimens are modified with pozzolanic 
waste (5 % GP and 15 % – 25 % MK) replacing 20 % to 
30 % of the cement by weight. Such mortars can be used 
in unfavourable environments, where alkali aggregate 
reactions can occur.
 Figure 7 illustrates the flexural strength values after 
56 days of expansion in an alkaline environment. The 
flexural strength of the mortar specimens is influenced 
by the expansion in the alkaline environment. The lowest 
flexural strength values were observed in specimens 
experiencing the highest expansion levels. However, 
after the AAR tests, the flexural strength increased in all 
the specimens compared to the reference specimen cured 
in water for 28 days. The biggest difference in the flexural 
strength values was observed in specimens modified 
with 20 % MK and 5 % GP. The flexural strength value 
increased 48.9 % from 5.4 MPa to 9.1 MPa. The flexural 
strength after 56 days increased due to the formation 
of secondary hydration products that strengthened the 
microstructure of the specimens. 

 The physical and mechanical tests of the mortars 
after 56 days of conditioning in the 1 M NaOH solution 
at 80 °C showed that the least negative AAR effect was 
observed in the mortar specimen modified with 25 % of 
pozzolanic waste (5 % GP and 20 % MK).
 The compressive strength was tested after 
conditioning the mortar specimens in the 1 M NaOH 
solution at 80 °C for 56 days. The results of the tests 
are presented in Figure 8. The compressive strength 
of hardened specimens increased after the alkali 
aggregate reaction. The highest increase of 103 % in 
the compressive strength, from 20.3 MPa to 49.8 MPa, 
was observed in the specimens where the cement was 
replaced with a combined pozzolanic addition by weight 
(5 % GP and 20 % MK). The lowest change of 53 % in 

Figure 4.  The effect of the pozzolanic waste on the density of 
the mortar specimens after 28 days of curing in water.

Figure 6.  Expansion values of the mortar specimens made of 
CEM I 42.5 cement and modified with different amounts of 
pozzolanic waste after 56 days of conditioning at 80 ºC in a 1M 
NaOH solution.

Figure 5.  The effect of the pozzolanic waste on the water 
absorption in the cement mortar. 

Figure 7.  The effect of the pozzolanic waste on the flexural 
strength of the cement-based mortar. 
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the compressive strength was observed in the reference 
specimens. The compressive strength of the reference 
specimens increased from 19.3 MPa to 33.5 MPa. 
 According to the test results of the physical and 
mechanical properties and expansion tests, MK20 
containing 30 % of pozzolanic waste (5 % GP and 25 % 
MK) added by weight of cement was the most effective 
composition to modify the mortar specimens containing 
25 % crushed powder. 

 An X-ray diffraction analysis was performed 
to investigate the effect of pozzolanic waste on the 
resistance of the mortar to the alkali aggregate reaction. 
Figure 9 illustrates the mineral structure of the reference 
mortar containing 5 % of crushed glass (9a) and the 
cement-based mortar (9b) containing the 25 % threshold 
quantity of pozzolanic waste (5 % GP and 20 % MK) 
added by weight of cement. The mineral structure of the 
reference specimen containing 5 % of crushed glass and 
the specimen containing 25 % of pozzolanic waste is 
similar, but the levels of minerals present is different. The 
reference mortar contains 63 % of quartz (SiO2), 18 % 
of calcium carbonate (CaCO3), and 0.1 % of anorthite 
(CaAl2Si2O8), 4 % of orthoclase (K(AlSi3)O8), 1.9 % of 
portlandite CaOH2, 12 % of dolomite (CaMg(CO3)2, and 
2 % of katoite Ca3Al2(SiO4)0.64(OH)9.44.
 The mortar containing the 25 % threshold quantity 
of pozzolanic waste (5 % GP and 20 % MK) consists of 
52 % of (SiO2), 17.5 % of calcium carbonate (CaCO3), 
24 % of orthoclase (K(AlSi3)O8), 0.3 % of portlandite 
CaOH2, 2.3 % of dolomite (CaMg(CO3)2, and 3.6 % of 
katoite Ca3Al2(SiO4)0.64(OH)9.44. 
 The SEM image of the structure of the cement-
based mortar incorporating the crushed glass without the 

Figure 8.  The effect of the pozzolanic waste on the compressive 
strength of the cement-based mortar.

Figure 9.  XRD image of the cement-based mortar. a) reference b) modified with the 25 % pozzolanic waste addition (5 % GP 
and 20 % MK). P — Portlandite; C — Calcium Carbonate; K — Katoite; O — Orthoclase; D — Dolomite; A — Anorthite; Q — 
Quartz.

a) reference b) modified

Figure 10.  Microstructure of the cement-based mortar incorporating the crushed glass after expansion tests in a 1 M NaOH 
solution of 80 ºC for 56 days.
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addition of pozzolanic waste is presented in Figure 10. 
Layers of alkaline gel are visible around the crushed 
glass aggregate in the ASR affected mortar without the 
pozzolanic waste. These layers of gel absorbed water 
and started expanding, thus causing the development 
of cracks in the cement matrix. A gap is also visible 
between the binder and the gel that had formed through 
the alkaline reaction of the crushed glass aggregate. 
The AAR-caused changes in the microstructure of the 
cement-based mortar reduce the density, compressive 
and flexural strengths of the hardened cement paste, 
thus causing surface cracking and scaling of the mortar 
during service.
 Figure 11 illustrates the microstructure of the 
cement-based mortar incorporating crushed glass and 
modified with 20 % of pozzolanic waste after conditioning 
in the 1 M NaOH solution of 80 °C for 56 days. After the 
exposure of the pozzolanic waste modified cement-based 
mortar to an alkaline environment, the contact zone 
between the aggregate and the binding material is much 
stronger, there are very few or even no gaps compared to 
the mortar without the pozzolanic waste. The cracks in 
the cement matrix are very small and there are no visible 
layers of AAR products.
 Glass powder contains 65.15 % of SiO2, whereas 
metakaolin contains 50.6 % of SO2, which reacts with 
NaOH and KOH present in the cement much faster and, 
thus, prevents the formation of an alkaline gel in the 
aggregate-binder contact zone. Therefore, the mortar 
modified with a compound addition of pozzolanic waste 
(5 % GP + 20 % MK) added by weight of cement is re-
sistant to an alkaline aggregate reaction.
 A compound addition of pozzolanic waste made 
with 5 % of glass powder and 20 % of metakaolin can 
be used as a cement replacement to utilise the said waste 
in cement-based mortars containing crushed glass used 
as an aggregate instead of sand. Mortars incorporating 
crushed glass were found to be suitable for applications 
in potentially corrosive environments when modified 
with a 20 % compound pozzolanic addition consisting of 
5 % ground waste glass and 15 % of waste metakaolin.

CONCLUSIONS 

 It was found that cement-based mortars 
incorporating crushed glass (at 25 % by weight of 
the cement) and modified with a compound addition 
consisting of 5 % glass powder and 15 % of metakaolin 
(added at 20 % by weight of the cement) have better 
physical and mechanical properties compared to the 
reference specimens without pozzolanic addition. The 
maximum difference in the density between the reference 
specimens and the specimens containing 15 % of silica 
fume is 68 kg·m-3, i.e., 2.92 %. The density values in the 
specimens decrease with an increase in the pozzolanic 
waste in the mix up to 25 % and 30 %. 
 The water absorption values decreased from 8.1 % 
in the reference specimen to 6.8 % in the specimens 
where the cement was replaced with 15 % of metakaolin. 
When the cement was replaced with 20 % and 25 % 
of metakaolin by weight, the water absorption values 
increased, but did not exceed the absorption levels of the 
reference specimens.
 The modification to the cement-based mortar 
improves its physical and mechanical properties and, 
thus, increases the resistance to the alkali aggregate 
reaction. The alkali aggregate reaction tests showed that 
after conditioning specimens modified with 20 % of 
compound pozzolanic addition in a 1 M NaOH solution 
at 80 °C for 56 days, their expansion was 0.02 % and did 
not exceed the 0.1 % limit. 
 The strength tests in an alkaline environment for 
56 days showed an increase in the compressive and 
flexural strength of the mortar specimens. The biggest 
difference in the flexural strength values was observed 
in specimens modified with 20 % MK and 5 % GP. The 
flexural strength value increased 48.9 % from 5.4 MPa 
to 9.1 MPa. The flexural strength increased after 56 days 
due to the formation of secondary hydration products 
that strengthened the microstructure of the specimens. 
The highest increase of 103 % in compressive strength 
from 20.3 MPa to 49.8 MPa was observed in the 

Figure 11.  Microstructure of the cement-based mortar incorporating the crushed glass modified with 20 % of pozzolanic waste 
after expansion tests in a 1 M NaOH solution of 80 ºC for 56 days.
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specimens where the cement was replaced with a com-
bined pozzolanic addition by weight (5 % GP and 
20 % MK). The lowest change of 53 % was observed 
in the compressive strength in the reference specimens. 
The compressive strength of the reference specimens 
increased from 19.3 MPa to 33.5 MPa.
 The XRD analysis showed that, after 56 days of 
AAR tests, a significant amount (24 %) of additional 
cement hydration product orthoclase (KSi3AlO8) 
formed in specimens containing 20 % of the combined 
pozzolanic addition, whereas only 4 % of orthoclase 
was found in the reference specimen containing 5 % 
of crushed glass. A higher amount of 3.6 % of katoite 
(Ca3Al2(SiO4)0.64(OH)9.44) also formed. The reference 
specimen contained only 2 % of katoite after the AAR 
test. The amount of portlandite (Ca(OH)2) decreased 
from 1.9 % in the reference specimens to 0.3 % in 
the specimens modified with the pozzolanic waste. 
The decrease in the portlandite content indicates the 
formation of secondary hydration products that make 
the microstructure of the hardened mortar more compact 
which increase its density, flexural and compressive 
strength and AAR resistance.
 The results of the conducted tests lead to the 
conclusion that a compound addition of pozzolanic waste 
consisting of 5 % of glass powder and 20 % of metakaolin 
can be used to reduce the cement content and utilise 
waste in cement-based mortars. It can be stated that that 
the expansion of specimens incorporating crushed glass 
does not exceed 0.1 % when the specimens are modified 
with pozzolanic waste (5 % GP and 15 % – 25 % MK) 
replacing 20 % to 30 % of the cement by weight. Such 
mortars can be used in unfavourable environment where 
alkali aggregate reactions can occur. 
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