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Two different mix compositions were prepared to compare the effect of waste glass sludge, with and without a crystallising
admixture, on the properties of fresh cement paste and hardened cement paste. In Composition 1 cement was replaced
by different percentage of waste glass sludge: 0 %, 5 %, 10 %, 15 %, 20 %, 25 %, and 30 %. In Composition 2 the same
cement content was used with the addition of the crystallising admixture added at 1 % by weight of the binder. The tests
showed that the replacement of 20 % of cement with waste glass sludge improved the properties of hardened cement paste,
but the properties of fresh cement paste deteriorated. The results of the tests with composition 2 containing the crystallising
admixture showed that the crystallising admixture had a negligible effect on the properties of hardened stone, while the
properties of fresh cement paste improved in comparison with the specimens without the crystallising admixture. The overall
results showed that 20 % was the optimum amount of cement to be replaced with waste glass sludge and that crystallising
admixture could be one of the solutions to improve the workability of the mixtures modified with waste glass sludge.

INTRODUCTION

Sustainable development is gaining importance
and increased attention globally with active involvement
of researchers as well as business people. In general,
sustainable development implies preservation of the en-
vironment and nature and reducing the use of energy
resources. Rational use of energy resources is one of
the areas that has been most extensively studied. Ener-
gy-intensive industries, including cement industry, raise
great concern. The sustainability issues in cement pro-
duction are gaining relevance not only from the envi-
ronmental viewpoint but also concerning the increasing
price of cement, which subsequently makes a great ma-
jority of construction products more expensive. Cement
manufacturing is known to generate high amounts of
carbon dioxide and other greenhouse gases [1]. One
tonne of Portland cement produced causes the emission
of approx. 0.9 tonne of carbon dioxide [2]. Several so-
lutions are available to reduce the harmful effects of
cement industry. One of them is the reduction of clinker
content in various cement composites by replacing it
with pozzolanic materials that are by-products in other
industries [3, 4]. Another approach is to produce com-
posite cements incorporating waste materials. Some
waste materials, such as blast furnace slag, fly ash,
waste glass, cement kiln dust, rice husk ash, metakaolin
and silica fume, have been studied by researchers for

their application in cement manufacturing. They have
demonstrated a positive effect on cement properties and
were found to improve the durability of hardened ce-
ment paste and its resistance to aggressive waste [5-9].
There is a significant amount of information on ternary
blended cements available in literature. It has been
found that the use of additional cementitious materials
in certain proportions can improve the mechanical
strength of cement paste [10].

Fly ash was the most popular pozzolanic waste ma-
terial used in the production of cementitious composites
for a very long time [11]. According to studies, fly ash
improves the mechanical strength and durability of ce-
mentitious composites [12]. This positive effect of fly
ash has made the market dependent on fly ash, but the
shift towards renewable energy sources [13] has reduced
the generation of fly ash and its availability in the market
[14]. The decreasing supply of fly ash has caused its price
to rise to the point where it is not viable any more to
use fly ash in cementitious composites [15]. Therefore,
researchers started looking for other by-products that can
be used as alternative pozzolans instead of fly ash [16].

In order to substitute a certain amount of cement in
the composites, a pozzolanic material must meet certain
requirements. First of all, it must be chemically reactive
and able to build a certain structure. Second, it must be
easily available worldwide in order to reduce the cost of
transportation and the end price of the by-product. One
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of such by-products comes from the glass industry. Glass
waste has been known for a long time, but the scarcity of
fly ash has intensified the research into the application of
this by-product. Glass waste is attractive because of high
silica content and the brittleness, the physical properties
similar to those of concrete [17].

In 2015, the amount of glass waste in landfills was
estimated to be around 10.4 million tonnes in the United
States, where 60 % of glass waste is dumped in landfills,
26 % is recycled and the remaining 14 % is disposed
of in incinerators [18]. Glass waste that does not reach
the recycling loop is the untapped potential of this raw
material. Glass recycling should be increased.

Ground waste glass can be reused in the form of
pozzolanic glass powder. It is made from waste glass and
has a particle size of less than 45 um. Ground glass has
been investigated because it is readily available in large
quantities and due to its good reactivity with Portland
cement, since glass is mainly composed of silica [19].
It was also discovered that the use of ground glass in
concrete mixes would reduce carbon dioxide emissions.
Basically, for every kilogram of glass used, cement pro-
ducers can cut approx. 0.5 kg of CO, emissions [20].
Researchers have found that the negative effect of ground
glass on the properties of hardened cement composites
is very small. Slightly lower compressive and flexural
strengths values were obtained [21, 22]. Other researchers
have found that finely ground glass has pozzolanic
properties and its behaviour in cementitious composites
is similar to that of silica fume [17, 23]. Although the
use of ground glass has a positive impact, its use must
be limited. One of the drawbacks of using ground glass
in cementitious composites is the alkali silica reaction
(ASR) [24-31]. Meanwhile, many researchers have been
studying ground glass and its applications [32-40].

Some researchers explore the application of not
finely ground but only crushed glass as an aggregate in
building materials. Researchers have used waste glass
as a micro-filler in the production of asphalt concrete.
They found that the addition of up to 18 % of waste
glass as a micro-filler increased the stability of the end
product, but the values were lower compared to asphalt
concrete without the glass additive. A higher amount of
waste glass increases the fatigue resistance and flow-
ability of asphalt concrete [41]. The use of waste glass
as a fine aggregate in cementitious composites has also
been tested. Researchers have found a reduction in me-
chanical strength along with improved workability,
durability, sulphate resistance and constancy of concrete
volume [42]. The behaviour of crushed waste glass as
a coarse aggregate in concrete was also tested. The re-

Table 1. Chemical composition of waste glass sludge.

placement of 17.5 % of natural coarse aggregate with
waste glass mixed with slag had a negligible influence
on the mechanical properties of concrete [43]. Resear-
chers also studied the effect of replacing basalt aggregate
with waste glass and found that up to 25 % of the natu-
ral aggregate can be replaced. The addition of waste
glass up to 25 % was found to significantly improve
the mechanical strength of modified concrete, whereas
a higher content of waste glass had a negative effect on
the mechanical properties of concrete [44].

The application of waste glass sludge (WGS) in
concrete has not been widely researched yet. This type
of glass waste has received the attention of just a few
researchers across the world. Researchers from South
Korea studied the effect of waste glass sludge on the
durability and frost resistance of concrete. They found
that WGS increased frost resistance tested both with
and without the deicing salts, chloride resistance and re-
sistance to surface spalling of concrete [45]. Other
researchers investigated the effect of WGS on concrete
by varying the amount of cement used. Waste glass
sludge was found to significantly improve the mechanical
properties and microstructure of concrete, reduced its
porosity and subsequently frost resistance and durability
[46]. The effect of waste glass sludge on cement mortar
was also studied by varying the cement content. The
results reported by these researchers also showed that
waste glass sludge improved the mechanical properties
after 28 days of curing. It was found that WGS can reduce
ASR caused expansion as effectively as fly ash and that
WGS is even more reactive than fly ash [47]. Researchers
have also tried to use WGS in the production of ceramic
bricks. Their results indicated that up to 25 % of WGS
can be added to the clay mix resulting in 37 % increase
in the compressive strength of fired ceramic bricks. A
decrease in porosity and water absorption was observed
in the specimens with a higher WGS content [48].

EXPERIMENTAL

Cement CEN I 42.5 R complying with EN 197-1
requirements was used for the tests [49]. Waste glass
sludge was obtained from the enterprise that cuts and
polishes glass. Glass particles are extracted by a special
equipment that purifies and treats technical water. After
the flocculation and sedimentation process the collected
material is removed from the technical water. The
chemical composition of waste glass sludge (WGS ) is
given in Table 1 and its physical properties are given in
Table 2.

Chemical composition of WGS (%)

Si0,  Na,0 CaO  MgO  AlLO; SO, KO, CeO, Fe,0, LaO,, cl Cf
69.0 10.4 8.68 3.55 0.93 0.235 0.15 0.15 0.11 0.07 003  6.67
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Table 2. Properties of waste glass sludge.

Properties WGS
Specific surface area (cm*g™) 6670
Particle density (kg'm™) 2500
Bulk density (kg'm™) 826

The particle size distribution of WGS is shown in
Figure 1. According to the test results, the average size
of WGS particles was 3.98 pm. 10 % of the particles
were smaller than 0.98 um and 10 % were larger than
8.44 pm.

The specific surface area and particle size distribu-
tion of WGS were determined in dry dispersion mode
using a particle size analyser Cilas 1090 LD in the range
0f 0.01 um to 500 pm using air as a carrier. The particles
were dispersed in ultrasound background until 12 %
distribution of the material in the media was reached.
The measuring span was 60 sec. The standard operating
system Fraunhofer was used.
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Figure 1. Waste glass sludge particle size distribution.

Table 3. Mixing proportion of hardened cement paste.

The XRD analysis was done with X-ray diffracto-
meter BRUKER AXS D8 ADVANCE. The following
XRD parameters were used: CuKa radiation, Ni filter,
detector step of 0.02°, intensity measuring span of 0.5 s,
anode voltage Ua = 40 kV, and the current / = 40 mA.
The accuracy of XRD measurements was 20 = 0.01°.

The X-ray fluorescence spectroscopy was done with
the spectrometer Bruker X-ray S8 Tiger WD. Rh target
X-ray tube was used, anode voltage up to 60 kV, current
Tup to 130 mA. The specimens were measured in helium
atmosphere. SPECTRA Plus QUANT EXPRESS method
was used for the measurements. WGS microstructure
was analysed using SEM Helios NanoLab 650.

Vibro Viscometer SV-10 was used to measure the
rheological properties of the cement paste. 45-50 ml
samples of the cement paste were taken for the tests.
Two plates were immersed into the container with the
cement paste and vibrated at a uniform frequency and
the resultant viscous drag was measured. The parameters
of the modified cement pastes were measured at the start
and after 5, 10, 15, 20, 25, 30 and 60 minutes.

Other properties of the cement paste were deter-
mined according to the respective standards: LST EN
12350-5:2019 [50] for the flow of the paste, LST EN
12390-7:2019 [51] for the density of hardened cement
paste, LST EN 12390-3:2019 [52] for the compressive
strength, and LST EN 12390-5:2019 [53] for the flexural
strength.

The compositions of the cement paste batches tes-
ted are given in Table 3. The cement content in the
batches was changed at 5 % intervals, up to a total of
30 % of cement being replaced with WGS. In the second
stage of testing, the same amounts of cement were
replaced and additionally a crystallising admixture was
added at 1 % of the binder content. The superplasticiser
content in the mixture was reduced in proportion to
the crystallising admixture because the admixture has
plasticising properties.

Mixing proportions with waste glass sludge (%)

Batches 1 2 3 4 5 6 7
Cement 100 95 90 85 80 75 70
Water 100 100 100 100 100 100 100
Chemical admixture 0.40 0.40 0.40 0.40 0.40 0.40 0.40
Waste glass sludge 0 5 10 15 20 25 30
w/c 0.35 0.35 0.35 0.35 0.35 0.35 0.35

Mixing proportions with waste glass sludge and crystallising admixture (%)

Batches 1 2 3 4 5 6 7
Cement 100 95 90 85 80 75 70
Water 100 100 100 100 100 100 100
Chemical admixture 0.30 0.30 0.30 0.30 0.30 0.30 0.30
Crystallizing admixture 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Waste glass sludge 0 5 10 15 20 25 30
w/c 0.35 0.35 0.35 0.35 0.35 0.35 0.35
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RESULTS AND DISCUSSION

The microstructure of waste glass sludge is shown
in Figure 2. The image magnified 2000 and 10000 times
shows that WGS is composed of irregularly shaped
crystals.

X-ray diffraction analysis was used to determine the
mineral structure of crystallising admixture. The results
of the structural analysis of the crystallising admixture
by X-ray diffraction are shown in Figure 3. X-ray
diffraction image reveals that the prevailing mineral
(32.7 %) is sodium carbonate (Na,CO;). Authors have
noted [54, 55] that Na,CO, can accelerate cement hydra-
tion and mostly accelerates C,S hydration because the
layer of hydrates around C,S particles starts depleting
in the carbonate solution due to the surplus of CO,*
ions. Then the Ca*" and OH ion diffusion rate increa-ses
significantly and the hydration of C,S accelerates. Quartz
(Si0,), Q, is the second mineral in terms of content
(31.4 %) in the crystallising admixture. The third mineral
(29.4 %) is Tricalcium silicate (Ca;Si0,), T, followed by
the fourth mineral (6.2 %) portlandite (Ca(OH),), P.

Presumably, C,S, present in the crystallising ad-
mixture, was used to accelerate cement hydration and
increase the early strength of concrete, as indicated in

b) x10 000

Figure 2. Microstructure of dry waste glass sludge: a) X2 000
magnification; b) x10 000 magnification.

the reference [56]. According to the new findings about
the hydration kinetics of tricalcium silicate, Na,CO,
accelerates early strength development [57].

The microstructure of the crystallising admixture is
presented in SEM images in Figure 4. The image mag-
nified 1000 times (a) shows that particles of irregular
shape prevail. The image magnified 6500 times (b)
shows that the particles of the crystallising admixture
are made of irregular shape crystals and angular crystals
distributed in different directions.

25000
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Intensity (cps)
g 2
o o

5000

5 15 25 35 45 55 65 75
2-theta (deg)
Figure 3. X-ray image of crystallising admixture: N — sodium
carbonate (Na,CO;), C — tricalcium silicate (Ca;Si0,0),
Q — quartz (SiO,), P — portlandite (Ca(OH),).

A
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Figure 4. The microstructure of the crystallising admixture:
a) x1 000 magnification; b) X6 500 magnification.
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The cement paste flow tests showed that the flow
values decrease when cement is replaced with WGS.
The results of the tests are given in Figure 5. The flow
reduces in proportion to the higher WGS content in
the mix. Cement paste specimens containing 30 % of
WGS had a 36 % lower flow value compared to the
control specimen. The decrease in flow values can be
explained by the particle size. WGS particles are finer
than cement particles; therefore, more superplasticiser or
water is required to achieve the same flow results. When
crystallising admixtures are added to the mixtures, the
same trend is observed, i.e., the flow values decrease
with the higher content of waste glass sludge. The flow
of the cement paste where 30 % of cement was replaced
with WGS decreased 37 %. After the addition of the
crystallising admixture, less adverse dilution effect of
WGS was observed and higher flow values were obtai-
ned because the admixture has good plasticising pro-
perties.
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Figure 5. Slump flow of cement paste with waste glass sludge
and with waste glass sludge and crystallising admixture.

The viscosity of the cement pastes was determined
for the specimens, in which cement was replaced with
WGS from 5 % to 30 %. The results are given in Figu-
re 6. The results show that the viscosity of the specimens
increased in proportion to the amount of cement repla-
ced by WGS. The specimens had the same viscosity
immediately after the mixing, but after 90 seconds the
specimens containing WGS started to become more
viscous. The viscosity of the control specimen remained
practically unchanged throughout the test, while the
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Figure 6. Viscosity of fresh cement mortar with waste glass
sludge and crystallizing admixture.

viscosity of the specimens where 30 % of cement was
replaced with WGS increased significantly. The results
show that an intensive reaction of WGS with water starts
after 90 seconds. The reaction changes the amount of
free water in the mix and thus the viscosity of the mix
increases [58].

Density values of different mix designs are given in
Figure 7. The results show that the density increases with
the amount of WGS present in the mix, i.e. the higher
is the WGS content, the denser are the specimens. The
density of the specimen containing 30 % of WGS is
52 kg'm™ higher compared to the control specimen. The
density of the specimens modified with the crystallising
admixture was higher compared to the specimens with
WGS only. The same trend of density increase with
higher WGS content was also observed.
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Figure 7. Density of hardened cement pastes with waste glass
sludge and with waste glass sludge and crystallising admixture.

The results of the compressive strength tests show
that WGS increases the mechanical strength of the spe-
cimens. The obtained compressive strength results are
given in Figure 8. The chart shows that the compressive
strength increases with the higher WGS content in the
mix. The comparison of the control specimens with the
specimens in which 30 % of the cement was replaced
with WGS revealed an almost 17 % increase in strength.
The specimens with the crystallising admixture had
a slightly lower strength compared to the specimens
without the admixture. Presumably, the crystallising ad-
mixture slows down the strength gain [59].

B Compressive strength with waste glass sludge
after 28 days. Mpa
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=
=]

<
E 65 |- andcystalizing admixture after 28 days, MPa
60 = e
g 58,9 56,35 4 56.1
% 55 |
4
% 50 |
O
- N N N
g 45
S |
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Figure 8. Compressive strength of hardened cement pastes

with waste glass sludge and with waste glass sludge and crys-
tallising admixture after 28 days.
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The same trend was also observed in the flexural
strength results given in Figure 9. The flexural strength
increased in proportion to the higher WGS content in the
mix. The specimens in which 30 % of the cement was
replaced with WGS showed a 12 % increase in flexural
strength compared to the control specimen. Similar to
compressive strength results, the flexural strength results
in the specimens with crystallising admixture were
slightly lower.
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Figure 9. Flexural strength of hardened cement pastes with
waste glass sludge and with waste glass sludge and crystallising
admixture after 28 days.

CONCLUSIONS

The flow of the fresh mortar decreases with a higher
WGS content in the mix. The more cement is replaced,
the lower cement paste flow values are obtained. The
specimens containing 30 % of WGS showed a 36 %
decrease in flow compared to the control specimen. The
addition of the crystallising admixture to the mix causes
the flow of the cement paste to decrease at higher WGS
content.

It was found that the mixes become more viscous
when more WGS is added. The viscosity of the control
specimen remained practically unchanged throughout the
test, while the viscosity of the specimens where 30 % of
cement was replaced with WGS increased significantly
after 10 minutes.

The density of the mixes, both with and without the
crystallising admixture, tended to increase with higher
WGS content. The density of the specimens where 30 %
of cement was replaced with waste glass sludge was
52 kg'm™ higher compared to the control specimens,
while the specimens with the crystallising admixture
in the mix design had higher density compared to the
specimens modified with WGS alone.

The compressive and flexural strengths were found
to increase significantly with a higher waste glass sludge
content. In comparison to the control specimens, the
compressive strength increased 17 % and the flexural
strength increased 12 % in the specimens, in which
30 % of cement was replaced with WGS. The specimens
modified with a crystallising admixture showed slightly
lower flexural and compressive strengths.

The obtained results lead to the conclusion that
20 % of cement can be replaced with waste glass sludge.

Higher replacement rates deteriorate the workability
of the cement paste, but the crystallising admixture
compensates for the negative effect of WGS and impro-
ves the technological properties of the mixes. For this
reason, it is possible to use a higher amount of waste glass
sludge in the mixtures with the crystallising admixture.

REFERENCES

1. Naik T. R. (2008). Sustainability of concrete construction.
Practice Periodical on Structural Design and Construction,
13(2), 98-103.

2. Djamaluddin A. R., Caronge M. A., Tjaronge M. W., Lando
A. T., Irmawaty, R. (2020): Evaluation of sustainable con-
crete paving blocks incorporating processed waste tea ash.
Case Studies in Construction Materials, 12, ¢00325. doi:
10.1016/j.cscm.2019.e00325

3. BuenoE.T., ParisJ. M., Clavier K. A., Spreadbury C., Ferra-
ro C. C., Townsend T. G. (2020): A review of ground waste
glass as a supplementary cementitious material: A focus on
alkali-silica reaction. Journal of Cleaner Production, 257,
120180. doi: 10.1016/j.jclepro.2020.120180

4. Rattanachu P., Toolkasikorn P., Tangchirapat W., Chinda-
prasirt P., Jaturapitakkul C. (2020): Performance of recyc-
led aggregate concrete with rice husk ash as cement binder.
Cement and Concrete Composites, 108, 103533. doi: 10.
1016/j.cemconcomp.2020.103533

5. Sakai E., Miyahara S., Ohsawa S., Lee S. H., Daimon M.
(2005): Hydration of fly ash cement. Cement and Concrete
Research, 35(6), 1135-1140. doi: 10.1016/j.cemconres.
2004.09.008

6. Uchikawa H., Hanehara S. (1996): Recycling of waste as an
alternative raw material and fuel in cement manufacturing.
In Waste materials used in concrete manufacturing (pp.
430-553). William Andrew Publishing. doi: 10.1016/B978-
081551393-3.50011-9

7. Vegas I., Cano M., Arribas 1., Frias M., Rodriguez O.
(2015): Physical-mechanical behavior of binary cements
blended with thermally activated coal mining waste.
Construction and Building Materials, 99, 169-174. doi:
10.1016/j.conbuildmat.2015.07.189

8. Monteagudo S.M., Moragues A., Galvez J.C., Casati M.J.,
Reyes E. (2014): The degree of hydration assessment of
blended cement pastes by differential thermal and thermo-
gravimetric analysis morphological evolution of the solid
phases. Thermochimica Acta, 592, 37-51. doi: 10.1016/
j-tca.2014.08.008

9. Ayub T., Ullah Khan S., Memon F.A. (2014): Mechanical
characteristics of hardened concrete with different mineral
admixtures: a review. The Scientific World Journal, 2014,
875082. doi: 10.1155/2014/875082

10. Ghrici M., Kenai S., Said-Mansour M. (2007): Mechanical
properties and durability of mortar and concrete containing
natural pozzolana and limestone blended cements. Cement
and Concrete Composites, 29 (7), 542-549. doi: 10.1016/j.
cemconcomp.2007.04.009

11. Rathnayake M., Julnipitawong P., Tangtermsirikul S., Too-
chinda P. (2018): Utilization of coal fly ash and bottom ash
as solid sorbents for sulfur dioxide reduction from coal
fired power plant: life cycle assessment and applications.
Journal of Cleaner Production, 202, 934-945. doi: 10.1016/
jjclepro.2018.08.204

232

Ceramics — Silikaty 67 (2) 227-234 (2023)



The effect of waste glass sludge used as cement replacement and crystallising admixture on the properties of hardened cement paste

12.

13.

14.

15.

16.

17.

18.

19.

20.

2

—_

22.

23.

24.

25.

26

Argiz C., Moragues A., Menendez E. (2018): Use of ground
coal bottom ash as cement constituent in concretes exposed
to chloride environments. Journal of Cleaner Production,
170, 25-33. doi: 10.1016/j.jclepro.2017.09.117

Diaz-Loya 1., Juenger M., Seraj S., Minkara R. (2019):
Extending supplementary cementitious material resources:
reclaimed and remediated fly ash and natural pozzolans.
Cement and Concrete Composites, 101, 44-51. doi: 10.
1016/j.cemconcomp.2017.06.011

Gray D.L. (2019): Decrease in fly ash spurring innovation
within construction materials industry. Natural Gas &
Electricity, 35 (6), 23-29. doi: 10.1002/gas.22099

Boral, 2018. Fly ash slides for investors, A collection of
previously communicated information. Available: https://
www.boral.com/sites/corporate/files/media/field do-
cument/180528-Flyash-slides-for-investors-as-at-29May
2018.pdf.

Paris J.M., Roessler J.G., Ferraro C.C., DeFord H.D.,
Townsend T.G. (2016): A review of waste products
utilized as supplements to Portland cement in concrete.
Journal of Cleaner Production, 121, 1-18. doi: 10.1016/].
jelepro.2016.02.013

Shi C., Zheng K. (2007): A review on the use of waste
glasses in the production of cement and concrete. Resour-
ces, Conservation and Recycling, 52 (2), 234-247. doi: 10.
1016/j.resconrec.2007.01.013

U.S. Environmental Protection Agency, 2018. Advancing
Sustainable Materials Management: 2015 Fact Sheet, p. 23.
Rashidian-Dezfouli H., Afshinnia K., Rangaraju P.R.
(2018): Efficiency of ground glass fiber as a cementitious
material, in mitigation of alkali-silica reaction of glass
aggregates in mortars and concrete. Journal of Building
Engineering, 15, 171-180. doi: 10.1016/j.jobe.2017.11.018
Tucker E.L., Ferraro C.C., Laux S.J., Townsend T.G.
(2018): Economic and life cycle assessment of recycling
municipal glass as a pozzolan in Portland cement concrete
production. Resources, Conservation and Recycling, 129,
240-247. doi: 10.1016/j.resconrec.2017.10.025

.Shayan A., Xu A. (2006): Performance of glass powder as

a pozzolanic material in concrete: a field trial on concrete
slabs. Cement and Concrete Research, 36 (3), 457-468. doi:
10.1016/j.cemconres.2005.12.012

Taha B., Nounu G. (2008): Properties of concrete contains
mixed colour waste recycled glass as sand and cement
replacement. Construction and Building Materials, 22 (5),
713-720. doi: 10.1016/j.conbuildmat.2007.01.019

Lee G., Ling T.C., Wong Y.L., Poon C.S. (2011): Effects of
crushed glass cullet sizes, casting methods and pozzolanic
materials on ASR of concrete blocks. Construction and
Building Materials, 25 (5), 2611-2618. doi: 10.1016/j.
conbuildmat.2010.12.008

Park S.-B., Lee B.-C. (2004): Studies on expansion proper-
ties in mortar containing waste glass and fibers. Cement
and Concrete Research, 34 (7), 1145-1152. doi: 10.1016/j.
cemconres.2003.12.005

Dyer T.D., Dhir R.K. (2001): Chemical reactions of glass
cullet used as cement component. Journal of Materials in
Civil Engineering, 13 (6), 412-417.

.Chen C.H., Huang R., Wu J.K., Yang C.C. (2006). Waste

E-glass particles used in cementitious mixtures. Cement
and Concrete Research, 36 (3): 449-456. doi: 10.1016/;.
cemconres.2005.12.010

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4

—_

42.

Schafer M.L., Clavier K.A., Townsend T.G., Ferraro C.C.,
Paris J.M., Watts B.E. (2019): Use of coal fly ash or glass
pozzolan addition as a mitigation tool for alkali-silica reac-
tivity in cement mortars amended with recycled municipal
solid waste incinerator bottom ash. Waste and Biomass Valo-
rization, 9,2733-2744. doi: 10.1007/s12649-018-0296-8
Shi C., Wu Y., Riefler C., Wang H. (2005): Characteristics
and pozzolanic reactivity of glass powders. Cement Con-
crete Research, 35 (5), 987-993. doi: 10.1016/j.cemconres.
2004.05.015

Matos A.M., Sousa-Coutinho J. (2012): Durability of
mortar using waste glass powder as cement replacement.
Construction and Building Materials, 36, 205-215. doi:
10.1016/j.conbuildmat.2012.04.027

Shayan A., Xu A. (2004): Value-added utilisation of waste
glass in concrete. Cement and Concrete Research, 34 (1),
81-89. doi: 10.1016/S0008-8846(03)00251-5

Serpa D., Santos Silva A., de Brito J., Pontes J., Soares
D. (2013): ASR of mortars containing glass. Construction
and Building Materials, 47, 489-495. doi: 10.1016/j.con-
buildmat.2013.05.058

Afshinnia K., Rangaraju P.R. (2015): Influence of fineness
of ground recycled glass on mitigation of alkali-silica
reaction in mortars. Construction and Building Materials,
81,257-267. doi: 10.1016/j.conbuildmat.2015.02.041
Afshinnia K., Rangaraju P.R. (2015): Efficiency of ternary
blends containing fine glass powder in mitigating alkali-
silica reaction. Construction and Building Materials, 100,
234-245. doi: 10.1016/j.conbuildmat.2015.09.043
Afshinnia K., Rangaraju P.R. (2015): Mitigating alkali-
silica reaction in concrete: effectiveness of ground glass
powder from recycled glass. Transportation Research
Record Journal of the Transportation Research Board,
2508 (1), 65-72. doi: 10.3141/2508-08

Afshinnia K., Rangaraju P.R. (2016): Impact of combined
use of ground glass powder and crushed glass aggregate on
selected properties of portland cement concrete. Construc-
tion and Building Materials, 117, 263-272. doi: 10.1016/
j.conbuildmat.2016.04.072

Jin W.H., Meyer C., Baxter S. (2000): “Glascrete” — con-
crete with glass aggregate. ACI Structural Journal, 97 (2),
208-213.

Hemmings R.T. (2005). Process for Converting Waste
Glass Fiber into Value Added Products. Albacem LLC.
Final Report, DOE GO13015-1.

Metwally I.M. (2007): Investigations on the performance
of concrete made with blended finely milled waste glass.
Advances in Structural Engineering, 10 (1), 47-53. doi: 10.
1260/136943307780150823

Aliabdo A.A., Abd Elmoaty A.E.M., Aboshama A.Y. (2016):
Utilization of waste glass powder in the production of
cement and concrete. Construction and Building Materials,
124, 866-877. doi: 10.1016/j.conbuildmat.2016.08.016
Zidol A., Tognonvi M.T., Tagnit-Hamou A. (2017): Effect
of glass powder on concrete sustainability. New Journal of
Glass and Ceramics, 7, 34. doi: 10.4236/njgc.2017.72004

.Ogundipe O.M., Nnochiri E.S. (2020): Evaluation of the

effects of waste glass in asphalt concrete using the marshall
test. Engineering Review, 40 (2), 24-33. doi: 10.30765/er.
40.2.04

Doo-Yeol Y., Lee Y., You I., Banthia N., Zi G. (2022):
Utilization of liquid crystal display (LCD) glass waste in
concrete: A review. Cement and Concrete Composites, 130,
104542. doi: 10.1016/j.cemconcomp.2022.104542

Ceramics — Silikaty 67 (2) 227-234 (2023)

233



Pocius E., Nagrockiené D.

43.Xin Y., Tao Z., Tian-Yi S., Zhu P. (2016): Performance of
concrete made with steel slag and waste glass. Construction
and Building Materials, 114, 737-746. doi: 10.1016/j.con-
buildmat.2016.03.217

44 . Tbrahim K. (2020): Recycled Waste Glass [WG] in Con-
crete. Global Journal of Engineering Sciences, 6 (1), 6-13.

45. Jihwan K., Jae-Heum M., Jae W.S., Jongsung S., Hyeon-Gi
L., Goangseup Z. (2014): Durability properties of concre-
tes with waste glass sludge exposed to freeze-and-thaw
condition and de-icing salt. Construction and Building
Materials, 66, 398-402. doi: 10.1016/j.conbuildmat.2014.
05.081

46. Lee H., Hanif A., Usman M., Sim J., Oh H. (2018): Perfor-
mance evaluation of concrete incorporating glass powder
and glass sludge wastes as supplementary cementing ma-
terial. Journal of Cleaner Production, 170, 683-693. doi:
10.1016/j.jclepro.2017.09.133

47.Kim J., Yi C., Zi G. (2015): Waste glass sludge as a par-
tial cement replacement in mortar. Construction and
Building Materials, 75, 242-246. doi: 10.1016/j.conbuild-
mat.2014.11.007

48.Kazmi S.M.S., Munir M.J., Wu Y., Hanif A., Patnaikuni I.
(2018): Thermal performance evaluation of eco-friendly
bricks incorporating waste glass sludge. Journal of Cleaner
Production, 172, 1867-1880. doi: 10.1016/j.jclepro.2017.
11.255

49.LST EN 197-1:2011. Cement — Part 1: Composition, speci-
fications and conformity criteria for common cements.

50.LST EN 12350-5:2019. Testing fresh concrete — Part 5:
Flow table test.

51.LST EN 12390-7:2019. Testing hardened concrete — Part 7:
Density of hardened concrete.

52.LST EN 12390-3:2019. Testing hardened concrete — Part 3:
Compressive strength of test specimens.

53.LST EN 12390-5:2019. Testing hardened concrete — Part 5:
Flexural strength of test specimens.

54.Janotka I. (2001): Hydration of the cement paste with
Na,CO; addition. Ceramics — Silikaty, 45, 16-23.

55.Wang Y., He F., Wang J., Hu Q. (2019): Comparison of
effects of sodium bicarbonate and sodium carbonate on
the hydration and properties of Portland cement paste.
Materials, 12, 1033. doi: 10.3390/ma12071033

56.Nicoleau L., Nonat A., Perrey D. (2013): The di- and
tricalcium silicate dissolutions. Cement and Concrete Re-
search, 47, 14-30. doi: 10.1016/j.cemconres.2013.01.017

57.Nicoleau L., Nonat A. (2016): A new view on the kinetics
of tricalcium silicate hydration. Cement and Concrete
Research, 86, 1-11. doi: 10.1016/j.cemconres.2016.04.009

58. Diedrich P., Mouret M., de Ryck A., Ponchon F., Esca-
deillas G. (2012): The nature of limestone filler and self-con-
solidationg feasibility — Relationships between physical,
chemical and mineralogical properties of fillers and the flow
at different states, from powder to cement-based suspension.
Powder Technology, 218, 90-101. doi: 10.1016/j.powtec.
2011.11.045

59. Pazderka J., Hajkova E. (2016): Crystalline admixture and
their effect on selected properties of concrete. Acta Poly-
technica, 26, 306-311. doi: 10.14311/AP.2016.56.0306

234

Ceramics — Silikaty 67 (2) 227-234 (2023)



