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This paper investigates the effect of partial replacement of cement by milled glass (MS), metakaolin (MK), and their mixture
and partial replacement of sand by crushed glass (TS)on the physical and mechanical properties of a cementitious composite,
as well as on the resistance of the composite to degradation caused by alkali-silica reaction (ASR). After 28 and 56 days
of curing, the highest improvement in the mechanical properties was observed in the batches of specimens with the MS, MK
and their mixture. The physical and mechanical properties of specimens with partially replaced sand to TS also deteriorated
the least (the lowest expansion 0.02 %) with the application of the MS and MK mixture after 56 days of exposure to alkaline
attack. XRD and microstructural analyses have shown that the reduction in expansion is due to the higher content of hydration
products, as well as to the denser contact zone between the aggregate and the cementitious matrix.

INTRODUCTION

Concrete is the most commonly used material
in the construction sector. Cement, which is the main
component of concrete composite, is produced
at a rate of around 4 billion tonnes per year [1].
The increase in the consumption of natural resources
and energy correlates with population growth.
The increasing growth and consumption raise concerns
about the exhaustion of natural resources, waste gene-
ration and the emission of harmful gases into the environ-
ment [2-5]. The demand for alternative aggregates
in cementitious composites in the construction industry
is increasing day by day, the use of river sand as fine
aggregate is leading to the depletion of natural resources
and the drop in groundwater levels. For these reasons,
the aim is to reduce the use of pure cement in the con-
struction industry and to discover supplementary
cementitious materials (SCMs) [6]. Given the major
environmental impact of cement manufacturing,
it is necessary to develop alternative binders for the pro-
duction of concrete [7]. Generally, pozzolans are used
as cement replacements rather than as cement additives.
Pozzolans are silicate-based materials. Therefore, when
cement is replaced with different amounts of pozzolans,
the content of calcium oxide diminishes and the content
of silica increases. The pozzolans react with calcium
hydroxide (CH) produced by during cement hydration

to form additional cementitious material, namely calcium
silicate hydrate (C-S-H) [8].

The use of waste glass (WG) in concrete has been
studied in the United States and Europe since 1980. WG
can be used in concrete manufacturing as a fine aggregate
to replace part of sand with crushed glass, or as an addi-
tional cementitious material to replace cement with
milled glass. In the first case, the glass has both positive
and negative effect on the properties of concrete [9].
Waste glass, which consists mainly of amorphous SiO,,
Na,O and CaO, is a stable, non-biodegradable material
[10]. The recovery of these substances in cementitious
systems contributes to environment protection,
as industrial and household glass waste is mostly
landfilled. However, the recycling of waste glass in ce-
mentitious systems can lead to degradation of concrete
due to alkali-silica reaction. Alkali-silica reactions
(ASR) are usually caused by the reaction between
the alkali present in the cement and the silica present
in the aggregates. These reactions lead to expansion
that deteriorates the mechanical properties of concrete.
Researchers have identified three main factors of ASR
in concrete: alkalis in the solution in the pore solution,
reactive amorphous or non-crystallised silica in some
aggregates, and water [11]. Alkali-driven degradation
of concrete is the delamination of a concrete structure
caused by the expansion of calcium hydrosilicate gel,
a product of ASR in the mix [12].
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Researchers found [13-14] that the types of aggre-
gates and the distribution of pore sizes and types
influence the expansion of concrete. In order to improve
the environmental situation, attempts have been made
to use crushed glass as fine aggregate instead of sand
[15]. Milled glass can be used as an additive to replacing
part of the cement in concrete mixes. The colour
of the glass also influences the development of ASR.
For example, clear soda lime glass with sodium has been
found to be the most reactive followed by less reactive
brown glass [16].

There are two types of alkali-aggregate reactions:
alkali-silica reaction (ASR) and the alkali-carbonate
reaction (ACR). ASR is much more common than ACR
in the world [17]. ASR takes place between reactive
silica in certain types of aggregates and alkaline solutions
in concrete micropores. The main sources of alkali are
the binder, aggregates and the surrounding environment.
Alkali formed from alkali metal ions react with water
to form soluble alkali hydroxide compounds [18]. Thus,
the main concern for the use of waste glass in concrete
is the chemical reaction between silica-containing
glass particles and the alkali present in the concrete
pore solution, i.e., the alkali silica reaction (ASR).
This reaction can be very detrimental to the stability
of the concrete unless appropriate precautions are taken
to minimise its effects. Such precautions include adding
a suitable pozzolanic material such as fly ash, silica
fume or ground blast furnace slag to the concrete mix
in appropriate proportions [19].

Fine glass particles tend to have pozzolanic
activity, which is beneficial to concrete, whereas coarse
particles tend to be detrimental to concrete due to the
alkaline reaction of silica fume (ASR). Although the use
of milled glass particles is an effective solution for
re-using waste glass in concrete, the milling of glass
is expensive, as it takes several hours to mill the glass
to the sufficient fineness that is almost equivalent to the
fineness of cement [20]. There are studies where the
use of waste glass in concrete is investigated. Authors
have reported that a higher amount of waste glass used
as a coarse aggregate reduced the mechanical properties
of concrete, in particular due to the weak bond between
the matrix and the aggregate [21]. ASR effects can be
reduced by using finely milled glass as cementreplacement
or even as aggregate [22]. The efficiency of this blending
depends on the replacement ratio, which can be up
to 20 % of glass content in the mix. Recently, metakaolin
is one of the most commonly used pozzolanic materials.
Metakaolin helps to reduce CaOH, formed during cement
hydration and related to poor durability of concrete. This
makes the concrete more resistant to sulphate attack and
reduces the effects of alkali-silica reactions [23-24].
A study by Poon et al. on the effect of metakaolin content
on hardened concrete showed that a higher amount
of MC in concrete increases the strength and reduces
the porosity of concrete [25].

Metakaolin is produced at lower temperature
(600 °C—-900 °C) compared to Portland cement (1450 °C)
[26-27]. Lower calcination temperature requires less
energy and thus reduces the binder production cost.
There are few studies on the individual and combined
effects of metakaolin and milled glass as a cement
substitute in concrete. It was reported that the combined
performance of the two pozzolanic additives mixed with
cement was better than the performance of each material
used separately [28]. Researchers tested the durability
of green self-compacting concrete that incorporated
recycled cathode ray tube glass and metakaolin [29].
Natural sand was substituted with recycled glass
at 0, 10, 20, 30, 40, and 50 per cent by weight of cement
in various concrete compositions, while the cement
was partially replaced with metakaolin at replacement
ratios of 5, 10, and 15 per cent by weight. After 90 days
of curing, the compressive strength of concrete spe-
cimens containing 10 % of metakaolin and 50 % of re-
cycled glass improved by 16 % whereas the ASR limit
was 0.1 %.

The effects of the use of ground waste glass
in combination with either milled waste glass or meta-
kaolin, as well as the use of the mixture of milled glass
and metakaolin, on mortar or concrete properties,
including ASR caused damage, have not been widely
studied. This paper presents a research designed
to evaluate the mechanical and ASR related performance
of the mortar incorporating crushed waste glass
as an aggregate and milled waste glass and metakaolin
as cement substitutes in order to maximize the possibility
of recycling a higher amount of waste in construction
materials and to improve the resistance of construction
materials to ASR. The current research into glass
and metakaolin waste recycling and its reuse as SCMs
can significantly reduce the deleterious effect of ASR
and has beneficial ecological and economic effects.

EXPERIMENTAL

Materials and methods of testing

Portland cement CEM 1 42.5 R, milled glass,
and metakaolin were used for the tests. The particle
density of milled glass was 2500 kg-m™, bulk density was
850 kg m™. Metakaolin particle density was 2147 kg'm>,
bulk density was 600 kg:m. Table 1 presents chemical
compositions of cement, milled glass and metakaolin.
The pozzolanic activity of milled glass (560 mg-g™)
was found to be lower compared to the activity of meta-
kaolin (927 mg-g™"). Figure 1 shows the X-ray diagrams
of glass (a) and metakaolin (b). The curves of amorphous
silica dioxide are visible in milled glass X-ray diagram.
The XRD analysis of metakaolin showed the presence
of quartz, kaolinite, illite and microcline.

Figure 2 presents the results of the SEM test
performed on the milled waste glass and metakaolin.
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Table 1. Chemical composition of cement, milled glass and metakaolin.

Chemical composition of cement (%)

Sio, AlO, Fe,0, CaO K,0 SO, At, About TiO, MgO Other

20.76 6.12 3.37 63.50 1.00 0.8 0.3 - - 445
Chemical composition of milled glass (%)

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

The particles of milled waste glass seen in Figure 2a
have an irregular shape and an average size of approx.
15 pum. Figure 2b clearly shows metakaolin plates with
an average size of 10 um.

Sand of fraction 0/4 with a particle density
of 2488 kg'm™ and a bulk density of 1643 kg'm™ was
used for the tests.

Crushed glass of fraction 0/4, particle density
of 2294 kg'm>, and a bulk density of 1204 kg'm™ was
used to replace 25 % of the sand in the cementitious
composite.
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Figure 1. a) XRD of milled glass: Q - quartz b) XRD

of metakaolin: M - microcline, I - illite, K - kaolin, Q - quartz.

The compositions of specimens formed from
cement composite are presented in Table 2. The
specimens were made by replacing some of the cement
with ground waste glass and metakaolin. In the cement
composite, 25 % of sand was replaced by crushed glass.

Thewater-to-cement (W/B)ratio of 0.46 waskept constant
for all the specimens.

. - 5 Hm
Figure 2. Microstructure of (a) milled glass (b) metakaolin.

The cement composites were mixed mechanically
using a laboratory mortar mixer. The mixing time was
240 seconds. The mixed paste was poured into standard
40 x 40 x 160 mm moulds and cured for 24 h. After one
day the specimens were disassembled and further cured
in water at 20 = 1.0 °C for 27 days.

The physical and mechanical characteristics
ofthe cementitious composite were determined according
to LST EN ISO 1927-6:2013. The density, ultrasonic
pulse velocity, compressive strength and flexural
strength of the cementitious composite were determined
for the specimens cured for 28 days and after 56 days
of ASR exposure.

The alkali-aggregate reaction testing of the cemen-
titious composite specimens was carried out according
to RILEM recommended test method AAR-2. The pro-
cedure of the RILEM AAR-2 test method is as follows:
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the specimens (40 x 40 x 160 mm) cured in water
at 80 °C are kept in 1 M NaOH solution at 80 °C
for 14 days. After 14 days their expansion is determined,
considering that 0.054 % is the safe limit of expansion.
The test is then continued for up to 56 days. After
56 days, the safe limit of expansion of the specimens
is 0.1 % according to ASTM C 441 test method.
The length L, of the specimens placed into 80 °C
1 M NaOH solution was recorded after 14 and 56 test
days £+ 2 hours. The expansion was calculated from
the Equation:

. Ly—Lg
Expansion, % = 100 - ( ] ) (1

Here L, is the length of the specimen before immersion
into sodium hydroxide solution, mm; L, is the length
of the specimens after 14 and 56 test days + 2 hours
in 1 M NaOH solution at 80 °C, mm; [ is the distance
between the insertions in the specimens, mm.

The microstructure of the materials was analysed
with the scanning electron microscope SEM JEOL
JSM-7600F. The qualitative analysis of the mineral
composition of the cementitious composite was carried
out using the X-ray diffractometer DRON-7 with
Cu anticatode, Ni filter, anode voltage 30 kV, anode
current 12 mA, detector step 0.02°. ICDD database was
used for peak decoding.

Phase analysis of crystallising admixture was done
by X-ray diffraction meter SmartLab (Rigaku) with
a rotating Cu anode X-ray generator tube of 9 kW. X-ray
diffraction patterns were recorded in the angular range
5-75°(26), detector step 0.02°, detector movement speed
1° per minute. The database of crystal structures PDF-
4+ (2016) was used for the analysis. The microstructure
of CA was inspected using SEM Helios NanoLab 650.

Table 2. Mixing proportion of cement composite specimens.

RESULTS AND DISCUSSION

Density, ultrasonic pulse velocity (UPV), flexural
and compressive strengths of the specimens where sand
was replaced by crushed glass were determined prior
to the alkali-aggregate reaction testing. The results
of the tests are given in Table 3. Physical and mechanical
properties of the specimens were analysed and
the optimum amount of crushed glass was selected
to replace part of the sand, i.e., 25 %. The results given
inTable3 showthatthestrengthanddensityofthespecimens
increased with the increase of crushed glass content
in the mix up to 25 %. Further increasing of crushed
glass content did not improve the mechanical properties
and did not increase the density of the specimens.

Table 3. Physical and mechanical properties of the specimens
containing crushed glass after 28 days of curing in water.

Flexural Compressive

Batgh of Density UPv strength  strength
specimens  (kgm?)  (m-s") (MPa) (MPa)
C 2151 4211 7.7 51.0
TSS 2160 4220 7.8 52.0
TS10 2165 4233 7.8 52.0
TS15 2170 4233 7.9 54.6
TS20 2174 4240 7.9 58
TS25 2175 4215 8.0 51.7
TS30 2170 4215 7.1 50.0
Figure 3 illustrates the relationship between

the expansion of the cementitious composite and crushed
glass content in the mix. After 14 days of testing,
the expansion of the control specimens and
of the specimens in which sand was replaced by crushed
glass by weight of cement from 5 % to 30 % ranged

Composition 1 1 0p)  MS (%) MK (%) TS (%) Sand (%)  Water (%) W/B
designation
C 26.9 0 0 0 60.6 124 0.46
TS5 26.9 0 0 3 57.6 12.4 0.46
TS10 26.9 0 0 6.1 54.5 12.4 0.46
TS15 26.9 0 0 9 51.6 12.4 0.46
TS20 26.9 0 0 12.1 48.5 12.4 0.46
TS25 26.9 0 0 15.1 455 12.4 0.46
TS30 26.9 0 0 18.2 4.4 12.4 0.46
MS5 25.6 13 0 0 60.6 12.4 0.46
MS10 243 2.7 0 0 60.6 12.4 0.46
MS15 229 4.0 0 0 60.6 12.4 0.46
MS20 216 5.4 0 0 60.6 12.4 0.46
MK5 25.6 0.0 13 0 60.6 12.4 0.46
MK10 243 0.0 2.7 0 60.6 12.4 0.46
MK15 229 0.0 4.0 0 60.6 12.4 0.46
MK20 216 0.0 5.4 0 60.6 12.4 0.46
TS25+MIX20  21.6 13 4.0 15.15 45.45 12.4 0.46
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from 0.06 % to 0.76 % and exceeded the pessimum
limit of 0.054 %. After 56 days of testing, the expansion
of the specimens with crushed glass varied between
0.15 % and 0.76 % and also exceeded the pessimum limit
of 0.1 %. It can be concluded that the use of crushed
glass to replace part of the sand in concrete mix causes
ASR related degradation of cementitious composites.

0.054%
C TSS Ts10 T515 TS20 TS25 TS30
Specimen series

=g after 56 days o after 14 days

Figure 3. Expansion of cementitious composite specimens
with crushed glass kept in 1 M NaOH solution at 80 °C for
14 and 56 days of testing as a function of the amount of crushed
glass.

Figure 4 illustrates the surfaces of cementitious
composite specimens containing crushed glass after
56 days of expansion testing at 80 °C in 1 M NaOH
solution. Pictures of the tested bars show that the cracking
on the surface of the specimens becomes more intensive
with a higher content of crushed glass used to replace
sand.

Figure 4. Surface of cementitious composite specimens
containing crushed glass after 56 days of expansion testing
in 1 M NaOH solution at 80 °C.

The effect of pozzolanic waste on cementitious
composites was determined by further tests. First,
the influence of the amount of milled glass used to replace
part of the cement on the expansion of the cementitious
composite was determined. The relationship between
the expansion of cementitious composite specimens
modified with milled glass and kept in 1 M NaOH
solution at 80 °C for 14 and 56 test days and the amount
of milled glass used to replace cement is shown
in Figure 5.

0.16
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0.12

X 0.09 0.1%
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004 Vfi/./ 0.054%
0.02
0
¢ Ms5 MS10 MS15 MS20
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Figure 5. The relationship between the expansion of ce-
mentitious composite specimens with milled glass kept
in 1 M NaOH solution at 80 °C for 14 and 56 test days
and milled glass content.

The expansion of cementitious composite
specimens, in which milled glass replaced from 5 %
to 20 % of cement, did not exceed the pessimum limit
of 0.054 % after 14 days of testing. After 56 days
of testing, the expansion of the specimens in which
milled glass replaced from 5 % to 20 % of cement,
did not exceed the pessimum limit of 0.1 %. The mini-
mum expansion of 0.01 % after 14 days and 0.03 %
after 56 days was observed in the specimens containing
5 % of milled glass by weight of cement. The expansion
of the specimens increases with the increase of milled
glass content. The same results were reported in the study
of other authors [30]. The test results prove that the in-
crease of milled glass in the mix significantly increases
ASR caused expansion of the specimens after 7, 14 and
28 days.

Figure 6 shows the comparative results for density,
ultrasonic pulse velocity, compressive strength, flexural
strength for cementitious composite specimens cured
for 28 days and tested from ASR caused expansion
for 56 days. It was found that the control specimen
was the most affected by the alkaline environment,
with 2.4 % decrease in density from 2151 kgm™
to 2100 kg'm™ due to faster ASR reaction, while
the cementitious composite specimens in which 5 %
of cement was replaced by milled glass were the least
affected. The density of these specimens decreased
by 1.9 % after the expansion tests (Figure 6a).
The effectiveness of glass waste used to mitigate ASR-
induced expansion greatly depends on the chemical
composition of glass (especially the presence of K,O)
andthepercentageofcementreplacementwiththeadditives.
At the same time, calcium hydroxide consumption [31]
is also strongly affected by these factors. The results
ofASR-inducedexpansiontestsaresupported by theresults
of UPV tests. The greatest change in the structure after
the expansion tests was recorded in control specimens.
The UPV in these specimens reduced 11.0 % from
4211 m-s! to 3747 m's'. The smallest change after
the expansion tests was recorded in cementitious
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composite specimens where 5 % of the cement was
replaced by milled glass. The UPV in these specimens
reduced7.6%from4245m-s't03920m-s". Thelowerdrop
in UPV is explained by the smallest volume changes
in the cementitious composite resulting in the smallest
number and extent of microcracks (Figure 6b).

The expansion in alkaline environment affected
the flexural strength that had decreased in all compositions
of cementitious composite. The most significant decrease
of 7.8 % was observed in control specimens. The re-
placement of cement with 5 % of milled glass resulted
in the reduction of flexural strength by 4.9 % only, from
8.1 MPa to 7.7 MPa (Figure 6c).

Therefore, the cementitious composite specimens
containing 5 % of milled waste glass experienced
the least adverse effect caused by the alkaline
environment. The lowest drop in density, ultrasonic
pulse velocity, flexural and compressive strength
values after ASR-induced expansion tests was recorded
in the specimens of this composition.

Based on the results obtained in this study, 5 %
of milled glass will be used to substitute cement in further
studies carried out to develop a complex pozzolanic
additive for cementitious composites.

The relationship between the expansion of cemen-
titious composite modified with waste metakaolin
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Figure 6. Variation of physical and mechanical properties in cementitious composite specimens with milled glass after 56 days
of expansion tests at 80 °C in 1 M NaOH solution: a) density; b) ultrasonic pulse velocity; c) flexural strength; d) compressive

strength.

The compressive strength of the cementitious
composite also decreased after the exposure to alkaline
environment. The most significant decrease of 9.2 %
was observed in the compressive strength of control
specimens. The same trend was observed by other
authors [28,32]. The least drop in compressive strength
of 1.9 % only was recorded in the specimens where 5 %
of cement was replaced with milled glass (Figure 6d).
Similar results were reported in other studies [33].
The authors found that the most effective mitigation
of ASR-induced expansion and degradation of concrete
was achieved by using up to 10 % of waste glass powder
instead of cement.

and metakaolin content is shown in Figure 7. After
14 days of testing, the expansion of all specimens, except
for control specimen, was within the permissible limit
0f 0.054 %. After 14 days of testing, the lowest expansion
of 0.02 % was found in the specimens, in which
cement was replaced by 15 % of waste metakaolin.
The expansion of the specimens increased with
the increase of metakaolin content in the cementitious
composite mix. After 56 days of testing, the expansion
of all specimens, except for control specimen, was
also within the permissible limit of 0.1 %. The lowest
expansion of 0.04 % after 56 days of testing was found
in the specimens containing 15 % of metakaolin.
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Figure 7. Relationship between the expansion of cementitious
composite specimens with waste metakaolin kept in 1 M NaOH
solution at 80 °C for 14 and 56 days and waste metakaolin
content.

The same trend of increased expansion of the specimens
with higher metakaolin content was observed. According
to researchers [34-35], metakaolin reduces ASR-induced
expansion of cementitious materials. Reduced levels
of calcium in ASR products, which are associated with
expansion, were identified in the presence of metakaolin.
Researchers reported [36] that the optimal amount
of metakaolin required to keep ASR-induced expansion
< 0.04 % varies between 10 % and 15 %.

The greatest change in the structure after the expan-
sion tests was recorded in control specimens. Their
UPV decreased 11.0 % from 4211 m's™ to 3747 m-s™.
The smallest change after the expansion tests was

recorded in the cementitious composite specimens
where 15 % of cement was replaced by metakaolin.
Their UPV decreased 8.2 % from 4275 m-s™ to 3924 m-s™
(Figure 8b).

The expansion caused by the alkaline environment
affected the flexural strength of the cementitious
composite, which decreased in all compositions.
The most significant decrease in strength due
to the change in structure was 7.8 % for the control
specimens. The replacement of cement with 15 %
of metakaolin reduced the flexural strength by 6.6 %
from 8.2 MPa to 7.7 MPa (Figure 8c).

ASR-induced expansion reduces the compressive
strength of cementitious composites. The most significant
decrease 0f 9.2 % in compressive strength from 51.0 MPa
to 46.3 MPa was observed in control specimens. Cement
replacement with 15 % of metakaolin caused only 7.4 %
reduction in compressive strength (Figure 8d). Authors
reported [35] that the compressive strength of control
specimens kept in alkaline solution for 28 days was
20 — 30 % lower than the strength of specimens kept
under normal conditions. After 28 days of expansion
testing, the compressive strength of specimens with
metakaolin addition of 10 — 50 % by weight of cement
was 10 — 2 % lower than the strength of specimens
kept under normal conditions. This can be explained
by improved solubility and reactivity of metakaolin
in cementitious systems in alkaline environment.
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Figure 8. Variation of physical and mechanical properties of cementitious composite specimens containing metakaolin after 56 days
of expansion tests at 80 °C in 1 M NaOH solution: a) density; b) ultrasonic pulse velocity; ¢) flexural strength; d) compressive

strength.
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Figure 9. The limit values of cementitious composite specimens
containing pozzolanic waste and crushed glass additives kept
for 14 and 56 test days at 80 °C in 1 M NaOH solution.

The cementitious composite in which 15 %
of the cement was replaced with metakaolin was
the least adversely affected by the alkaline environment.
This composite showed the lowest reduction in density,
ultrasonic pulse velocity, flexural and compressive
strength values after the ASR-induced expansion tests.

Based on the results obtained in this study, further
studies will be carried out to develop a complex
pozzolanic additive using 15 % waste metakaolin
as a cement replacement in cement composite.

a)

i

Irtenity (cps)

b)

P

i

B!

Irtenaty (cps)

i

Q .
P
\‘——zm < D c Q . P
'MJLM‘LLIJ‘_LLA*
d)

Q
ko
M%M
T C
10 2 30 40 s0 L]

2-tets (de9)

pid

i

Figure 10. X-ray image of cement, the composite was main-
tained for 56 days in a 1 M NaOH solution at 80 °C a) C;
b) MS5; ¢c) MK15; d) TS25+MIX20:

P - Portlandite; C - Calcite; Q - Quartz; D - Dolomite;
T - Terranovaite; K - Katoite; A - Anorthite.

A comparison of the expansion of different
cementitious composite specimens containing sand (C),
crushed glass (TS), milled glass (MSS5), metakaolin
(MK15) and cementitious composite specimens con-
taining crushed glass and a complex (milled glass and
metakaolin) pozzolanic waste additive (TS25+MIX20)
is shown in Figure 9. The expansion of the control
specimens (C) after 14 days is 11 % above the pessimum
limit of 0.054 % and after 56 test days the expansion
is 0.15 %, i.e., 50 % above the pessimum limit of 0.1 %.
After 14 days, the expansion of cementitious composite
specimens in which 25 % of sand was replaced with
crushed glass was 0.37 %, i.e., almost 7 times higher
than the pessimum limit of 0.054 %. After 56 days
of testing, the expansion of the test specimens was
0.57 %, i.e.,, 5.7 times higher than the pessimum
limit of 0.1 %. These results show that crushed glass
in cementitious composite significantly reduces
the resistance to ASR-induced expansion and degra-
dation of modified specimens compared to control
specimens (C).
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Figure 11. Phase content (%) in the composition after ASR
test.

When 5 % of cement is replaced with crushed
glass, the expansion of cementitious composite
specimens is 0.03 % after 14 days of testing and 0.06 %
after 56 days of testing, and thus below the pessimum
limit of 0.054 %. The replacement of 15 % of cement
with metakaolin results in 0.02 % and 0.04 % expansion
of the cementitious composite specimens after 14
and 56 days respectively. As stated by the authors [37],
the addition of 15.0 % of metakaolin was sufficient to
compensate the ASR-induced expansion within the
acceptable limits prescribedby the ASTM C1260 standard.
Thus, cementitious composites with both milled glass
and metakaolin are resistant to ASR-induced expansion
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and degradation, with 40 % expansion at 56 days being
60 % below the pessimum limit. The CaO/SiO, ratio
in the specimen also decreases with the use of glass
or metakaolin due to the decreased cement content.
It is known that the expansion of the specimens decreases
with a lower CaO/SiO, ratio in the system [38].

The use of a complex pozzolanic admixture
consisting of 5 % of milled glass and 15 % of metakaolin
in a cementitious composite and the replacement of 20 %
of cement with this admixture as well as 25 % of the sand
with crushed glass in the mix produces the expansion
of modified specimens was within the permissible limit.
The expansion of the specimens made of the above
mix was the lowest among all composite specimens
tested (Figure 9). The TS25+MIX20 specimens showed
an expansion of 0.01 % after 14 days of testing and
0.02 % after 56 days test. The obtained results prove that
the use of 5 % of milled glass in combination with 15 %
of metakaolin can significantly reduce the expansion
in the specimens where 25 % of sand is replaced with
crushed glass, which has been shown to significantly
increase the expansion of the specimens in the expan-
sion tests (Figure 3). Thus, a significant result has
been obtained showing that the developed composite
TS25+MIX20 is resistant to ASR-induced degradation

despite the use of 45 % of waste in the mix. According
to the literature [28, 35, 39], the ternary combination
of SCMs was more efficient and effective than the bi-
nary blend, which addressed not only the durability
of concrete, the resistance to ASR, but also its mechanical
characteristics.

X-ray diffraction analysis (Figure 10) were carried
out to determine the effect of alkaline environment
on the mineral changes in cementitious composite
with pozzolanic waste additives after 56 test days.
The changes in the properties of the cementitious
composite after soaking in alkaline solution are caused
by the transformation of cement hydration products
in the alkaline environment. Cement hydration products,
such as portlandite and CSH, were detected in all tested
specimens kept in the alkaline solution for 56 days.
Quartz, CaCO,, dolomite, anorthite were also seen
in the XRD curve of all specimens. Additional reaction
products, such as Terranovaite (Ca-3.89; Na-4.43);
(Al-12.30; Si-67.70; O-160) (H,0)46.48) resulting from
keeping the specimens in alkaline solution was found.
XRD patterns showed the decreasing CaO/SiO, ratio.
It was observed [40] that alkali retention in C-S-H gel
increased by lowering the Ca0O/SiO, ratio when Si rich
additives were used in the mix.

solution.

Figure 12. Microstructure of the cementitious composite control specimen retained for 56 test days at 80 °C in 1 M NaOH
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Figure 13. Microstructure of cementitious composite specimens with milled glass additive kept at 80 °C in 1 M NaOH solution
for 56 test days.

5

EXPANDED : .4 EXPANDED
CLASS £ GLASS
PARTICLE ./ po ~f PARTICLE

>

E .‘CP.-\_\'ﬁD

GLASS
PARTICLE

GLASS
PARTICLE

At Vi o S4:50 AM | A0 ] 1

Figure 14. Microstructure of cementitious composite specimené with metakaolin additive kept at 80 °C in 1 M NaOH solution
for 56 test days.
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The percentage of portlandite in the specimens
reduced as the amount of cement in the specimens
decreases, respectively from 7.9 % to 2.1 %, when
the replacement of cement with pozzolanic additives
in the specimens reached 20 % (Figure 11). Lower port-
landite content can reduce the ASR-induced expansion
significantly by the consumption of high amorphous
silica from the pore solution [18].

The presence of CSH was observed in all specimens
[41]. Most of CSH (13.6 %) and additionally formed
katoite (Ca;Al,(Si0,)y¢(OH)y44), the amount of which
increased up to 5.9 %, were produced in the specimen
TS25+MIX20, which contained both milled glass
and waste metakaolin. It can happen as higher con-
sumption of portlandite in the presence of the additives
used in our specimens were reported by other authors
[42-43]. It was proved by other researchers [44] that
the presence of alumina in the composite (metakaolin
in our case) accelerate C-S-H and C-A-S-H gel formation,
which in turn improve the alkali binding capacity.
In our tests the amount of katoite formed in the specimens
M15 and TS25+MIX20 increased significantly.
This is also confirmed by the fact that the content
of the mineral terranovaite in the specimen M15 was only
0.2 %, while in the specimen TS25+MIX20 terranovaite
was not identified at all.

Figure 15. Microstructure
solution for 56 test days.

CaCoO, formation depends significantly
on the amount of pozzolanic additives in the specimen.
The amount of calcite in the composition was also
affected by the amount of cement. It tends to decrease
as less Ca(OH), is produced in the specimens, allowing
it to react with CO, from the atmosphere [45]. Besides,
some increase in the dolomite content in the specimens
with pozzolanic additive was observed.

In summary, a higher amount of pozzolanic
waste decreases the amount of calcite and portlandite
in the specimens. This indicates that calcium ions
are involved in secondary cement hydration processes,
resulting in the formation of more hydration products
which densify, strengthen and protect the microstructure
of the cement composite from ASR effects.

The radiographic analysis of the cementitious
composite specimens after ASR expansion tests was
complemented by microstructural studies. The micro-
structure was examined by electron microscopy.
Figure 12 shows the SEM analysis of the control
specimen. After the exposure of cementitious composite
specimens without pozzolanic waste additives to
the alkaline corrosive environment, ASR gel formed
around the aggregate, which expanded and damaged
the microstructure of the cementitious matrix.
The microstructure of the cementitious composite
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is damaged due to ASR-induced expansion and thus
the physical and mechanical properties of the cemen-
titious composite deteriorate.

Figure 13 shows a SEM image of the specimen
containing 5 % of milled glass. The contact zones
between the aggregates and the cementitious matrix
and the formation of an ASR gel, which disrupts
the microstructure of the cementitious composite,
are seen in the image.

Figure 14 shows an SEM image of a cementitious
composite with waste metakaolin additive. ASR gel
is seen next to the aggregate particle. After the exposure
to alkaline environment, the microstructure of the ce-
mentitious composite with metakaolin additive shows
a much stronger contact zone between the aggregate
and the cementitious matrix, with few, if any, gaps,
compared to the specimens without pozzolanic waste.
There is less damage to the cement matrix. The ASR
gel content and distribution is lower than in the control
specimens.

Figure 15 shows a SEM image of cementitious
composite with a mixed pozzolanic additive. A particle
of crushed glass aggregate and a dense cementitious
matrix formed around it is seen in the image. The micro-
structure of the cementitious composite modified with
20 % of the mixed pozzolanic waste additive shows that
the contact zone between the aggregate and the cemen-
titious matrix is very strong, with no cracks or other
deterioration of the matrix visible. This is typical of ce-
mentitious composite surfaces affected by ASR.

The specimens of this batch containing 25 %
of crushed glass instead of sand and 20 % of the mixed
pozzolanic waste additive consisting of 5 % milled
glass and 15 % metakaolin are resistant to ASR-induced
expansion and degradation.

The use of waste glass and metakaolin in the pro-
duction of cementitious composites provides a solution
to the problem of waste glass and metakaolin recycling
and subsequently reduce the pollution of the environment.
These factors make it possible to utilise large quantities
of glass and metakaolin waste in concrete manufacturing
as substitutes for cement and sand. The new formulation
of cementitious composite can be used for the production
of ASR resistant cementitious composites with low
cement content.

CONCLUSIONS

The tests showed that the expansion of cementitious
composite control specimens and the specimens where
sand was replaced with 5 % to 30 % crushed glass
exceeds the limit of 0.054 % after 14 days of testing
and varied between 0.06 % and 0.76 %, depending
on the amount of crushed glass. Correspondingly, after
56 days of testing, the expansion of the specimens
exceeds the limit of 0.1 % and varied between 0.15 %

and 0.76 %. It is evident that the use of crushed glass
as a sand substitute in cementitious composites increases
the pessimum ASR-induced expansion limit by a factor
of 7.

The expansion of cementitious composite
specimens with part of the cement replaced by milled
glass (between 5 % and 20 %) does not exceed the pessi-
mum limit of 0.054 % after 14 and 56 days of testing.
The minimum expansion of the specimens containing
5 % of milled glass was 0.01 % and 0.03 % respectively.
The expansion of the specimens increases with the in-
crease of milled glass content in the mix.

Compared to the control specimens, the expansion
of all cementitious composite specimens modified
with waste metakaolin additive that replaces from 5 %
to 20 % of cement is within the pessimum limits
of 0.054 % and 0.1 % after 14 and 56 days of testing
respectively. The expansion of the specimens increases
with further increase of metakaolin content. The lowest
expansion of 0.02 % and 0.04 % after 14 and 56 test days
was found in the specimens, in which 15 % of cement
was replaced with metakaolin.

The use of a complex pozzolanic addition consisting
of 5 % MS and 15 % FC to replace 20 % of cement
in cementitious composite mix and also the replacement
of 25 % of the sand by crushed glass results in the ex-
pansion of the specimens within the permissible limits
at 14 and 56 days of testing. This expansion is also the
lowest among all cementitious composites with meta-
kaolin and with crushed sand tested. The expansion
of cementitious composite specimens containing a com-
plex pozzolanic additive is 0.01 % and 0.02 % after
14 and 56 days of testing. The cementitious composite
of this composition is resistant to ASR-induced degra-
dation and has a high waste content of 45 %.

XRD and microstructural analyses have shown
that the reduction in expansion is due to the higher
content of hydration products such as CSH and
katoite, as well as to the denser, intact contact zone
between the aggregate and the cementitious matrix
in modified specimens compared to the specimens
without pozzolanic waste. The microstructure
of the cementitious composite modified with 20 %
of mixed pozzolanic waste additive does not show
any cracks in the contact zone between the aggregate
and the cementitious matrix or any other degradation
typical of ASR affected surfaces of cementitious
composites. Such formation of the microstructure
has a positive effect on the physical and mechanical
properties of the cementitious composite and its high
resistance to alkali attack.

The use of waste glass and metakaolin in the pro-
duction of cementitious composites provides a solution
to the problem of waste glass and metakaolin recycling
and subsequently reduce the pollution of the environment.
These factors make it possible to utilise large quantities
of glass and metakaolin waste in concrete manufacturing
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as substitutes for cement and sand. The new formulation
of cementitious composite can be used for the production
of ASR resistant cementitious composites with low
cement content.
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