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Abstract
Ecological and environmental benefits support the use of waste glass powder (WGP) as 
supplementary cementing material by the decrease of the amount of landfills, by the reduction 
of non-renewable natural resource consumption, by the reduction of energy demand for cement 
production (less cement is needed), and the reduction of greenhouse gas emission. Laboratory 
tests were carried out on cement paste specimens, in which waste glass powder (WGP) addition 
was used as a supplementary cementitious material. Cement was substituted with WPG at levels 
of 20% or 30% per mass. It was demonstrated that the WGP addition improves the workability 
of fresh pastes, and can be effectively used as cement replacement for compressive strength. It 
was also demonstrated that the particle size of the WGPs (specific surface area) has a stronger 
influence on the effectiveness of the cement replacement than the chemical composition. The 
effectiveness of the cement replacement increases as the specific surface area increases.
Keywords: recycling, waste glass, supplementary cementitious material, workability, compressive 
strength
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1. Introduction
It is a challenge in civil engineering to transform the industrial 

wastes into construction material components. Th e increasing 
amount of unmanaged wastes has resulted in a critical 
environmental impact. Th e recycling of industrial wastes 
and the use of them as construction materials can provide a 
promising solution from both economy and ecology point of 
view, by the decrease of pollution and by the more economic 
design and architecture. Environmentally friendly and low-cost 
construction materials receive increasing attention recently, 
due to their attractiveness as building materials benefi ting to 
the environment and promoting sustainability in the building 
construction industry.

Concrete is the most commonly used construction material 
in the planet and it is the second most consumed product aft er 
water [1].

As of 2012, the annual global cement production is over 3.6 
billion tons, and is expected to be increased soon to over 4 billion 
tons per year, nevertheless, the cement industry is confronting 
with the continuous increase in cost for energy supplies, the 
obligations to reduce CO2 emission and the need of appropriate 
supply of raw materials both in quality and quantity [2,3]. It is 
estimated that about 0.9–1.0 tons of CO2 are produced for a ton 
of clinker depending on the type of fuels used [4].

Nowadays, the clinker content of cements is intensively 
replaced by supplementary cementitious materials. Fly ash, 
blast furnace slag, natural pozzolans and limestone are used 
in increasing amounts that can substitute some clinker in 
the cement. Fig. 1 illustrates how the proportions of OPC 

declined over time in relation to the cements with other major 
constituents [2]. As a result, an average specifi c CO2 emission 
per ton of cement today is 20% lower compared to the 1990s.

Ecological and environmental benefi ts of the supplementary 
cementitious materials are 1) non-recycled waste is used rather than 
increase the amount of landfi lls, 2) the consumption of non-renewable 
natural resources is reduced, 3) the energy needed for cement production 
is reduced, 4) the emission of greenhouse gases is reduced [5].

2. Waste glass for supplementary cementitious 
material

Soda-lime glass is the most widely used glass for both 
packaging and in the building construction, however, based 
on chemical composition, glass can be categorized into several 
other categories as well. Containers, fl oat and sheet glass are 
mostly soda-lime glass and, as a consequence, industrial waste 
glass is composed over 80% by weight of soda-lime glass [6]. 
For soda-lime glass the typical composition is approximately: 
70% SiO2, 13–17% Na2O and 10% CaO.

Th e characteristics of soda-lime glass make it suitable for 
consideration as an aggregate to concrete or as a supplementary 
cementitious material (SCM), but the high alkali content 
of soda-lime glass is one typical concern for the use in 
concrete. Th e possible formation of the harmful alkali-silica 
reaction (ASR) in contact with Portland cement may limit the 
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applications. Alkalis can cause alkali-aggregate reaction and 
expansion if the aggregate of the concrete is reactive. 

Experimental results have demonstrated that both particle 
size and glass colour have an infl uence on the expansion 
during alkali-silica reaction [7]. Generally, the fi ner glass 
particles exhibit considerably lower expansion; pozzolanic 
activity increases as fi neness increases. Fine particles of waste 
glass powder (WGP) also tend to perform a relatively rapid 
pozzolanic reaction with Portland cement on the contrary 
to the much slower alkali-silica reaction. Th e combined use 
of other supplementary cementing materials such as fl y ash, 
ground blast furnace slag and metakaolin can also decrease the 
expansion from ASR.

Th e pozzolanic properties of waste glass powder (WGP) are 
fi rst notable at particle sizes below approximately 300 μm. Below 
100 μm, glass can have a pozzolanic reactivity which is greater 
than that of fl y ash. When ground to about the same fi neness as 
Portland cement, waste glass powder (WGP) has advantageous 
pozzolanic behaviour: the amorphous silica (SiO2) reacts with 
portlandite (Ca(OH)2) generated during cement hydration to 
form gel of calcium silicate hydrate (CSH). No alkali-silica 
reaction was detected with particle size below 100 μm [6].

It was found experimentally that 30% waste glass powder 
(WGP) could be incorporated as cement replacement in 
concrete without any long term disadvantageous eff ect [8].

Several studies have shown further benefi cial eff ects, 
including increased workability and reduced permeability, of 
using WGP as a supplementary cementitious material (SCM), 
but the compressive strength is oft en lower when WGP is 
used as cement replacement, especially at early ages. Cement 
replacement with waste glass powder was shown to reduce 
early-age compressive strength, concrete mixtures with glass 
powder reached strength values close to the strength values for 
control mixtures at 28 days, and only one glass powder mixture 
reached a greater strength than the corresponding control at 91 
days according to [9].

It was also shown that cement mortar with 20% waste glass 
powder replacement gained signifi cant strength between 28 and 
90 days showing pozzolanic reaction taking place in this period 
[10]. Th e continued strength development clearly indicates the 
benefi cial pozzolanic reaction of the glass powder [11].

A reduction in the 28 days compressive strength of about 
15% was observed when 20% of cement was replaced by waste 
glass powder [10,12]. 

3. Experimental studies
Laboratory tests were carried out on cement paste specimens, in 

which waste glass powder (WGP) addition was used as a supplementary 
cementitious material (SCM) during a cooperation research between 
the Budapest University of Technology and Economics (BME), 
Department of Construction Materials and Engineering Geology 
and the Riga Technical University (RTU), Institute of Materials and 
Structures (IMS), Department of Building Materials and Products..

3.1 Materials
For the specimens, CEM I 42.5 N Portland cement was 

used provided by a Hungarian cement manufacturer, with a 
specifi c surface area of 344 m2/kg. Th e WGP addition materials 
were prepared in RTU IMS laboratory directly for the present 
experiments, using waste glass cullet collected in Latvia. Five 
diff erent WGPs were studied. Fluorescent lamp tube glass 
waste cullet (LB) and incandescent light bulb borosilicate glass 
waste cullet (DRL) were received from a lamp recycling centre 
in Liepaja, Latvia. Container glass was obtained as bottles in 
green (G), amber (A) and fl int (F) colours which were collected 
at a glass bottle return point in Riga, Latvia, and were manually 
crushed into cullet under laboratory conditions. Th e cullet 
was washed, dried and ground for 30 minutes in a laboratory 
planetary ball mill (Retsch PM400) with rotation speed 300 
min-1. Th e specifi c surface area of the WGP was obtained by 
a Zwick/Roell ToniPERM automatic Blaine apparatus; further 
details of the WGP preparation are available in [13].

Earlier experiences have indicated that the fi ve WGPs used 
in the present studies can serve as supplementary cementitious 
materials. It was demonstrated on concrete specimens [14] 
that WGP addition improves workability and results a soft er 
consistency (demonstrated by standard slump tests), can 
contribute to the compressive strength of the hardened concrete 
and due to the relatively high specifi c surface area (maximum 
particle size was found to be smaller than 200 μm in each case 
[13]) they have a relatively small infl uence on ASR expansion.

 Fig. 1.  Proportions of supplementary materials in cements [2]
 1. ábra  Cement kiegészítő anyagok alkalmazott mennyiségének változása [2] 
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Th e consistency was tested by a standard fl ow table (Fig. 2) 
according to EN 1015-3:1999 [16]. Th e fl ow table tests were 
repeated twice for each mixture. Aft er the 15 drops of the fl ow 
table (one drop in 2 seconds) the fi nal diameter of the sample was 
measured in two directions by a steel ruler. Flow table test results 
are indicated in Fig. 3. It can be seen that the WGP addition 
increases the fl ow of the fresh pastes. Th e higher is the amount 
of the WGP, the higher is the improvement in workability.

3.3 Compressive strength
For the compressive strength tests, 30 mm size cubic 

specimens were prepared in steel moulds. During the fi rst 
14 days of curing period specimens were kept in water in the 
climatic chamber, aft er 14th days half of specimens was stored 
in the climatic chamber (at temperature 20±2 °C and relative 
humidity >65%) and half of the specimens was kept continuously 
under water. Compressive strength of cement paste specimens 
was determined at the age 2, 7, 14, 28, 91, 147 and 302 days 
(Fig. 4) according to EN 196-1:2005 [15]. Th e evolution of the 
compressive strength of the specimens stored under water is 
indicated in Fig. 5. where the hardened neat cement paste is 
indicated with red colour.

4. Discussion of strength results 
Th e development of the compressive strength is indicated 

in separate diagrams for the fi ve GWPs in comparison to the 
neat cement paste (see Fig. 6.a, 7.a, 8.a, 9.a, 10.a). Strength 
development of the hardened neat cement paste at the age of 
t days, is indicated with red colour in each diagram. It can be 
generally concluded that the cement replacement by GWP 
was successful form a compressive strength point of view and 
no signifi cant reduction of the compressive strength can be 
realised, especially for the mature specimens.

Th e eff ectiveness of the cement replacement can be characterised 
more precisely if the relative development of the compressive strength 
is studied. Fig. 6.b, 7.b, 8.b, 9.b, 10.b indicate the relative compressive 
strength values corresponding to the diff erent WGPs. Th e level of 
1.0 indicates the compressive strength of the hardened neat cement 
paste at the age of t days, as a reference level in each diagram 
(indicated with red colour). It can be seen that the compressive 
strength of the pastes containing WGP addition reaches that of the 
reference hardened neat cement paste at the age of 28 to 91 days, 
according to the present laboratory tests. Th e signifi cance of the 
WGP amount is also visible: usually, the 20% replacement resulted 
higher compressive strength values than the 30% replacement. It 
seems that only a part of the WGP can be activated by ordinary 
Portland cement during the period of the present experiments 
(~ one year). A rapid development of the compressive strength is 
visible between the ages of 28 to 91 days, being faster than that of 
the hardened neat cement paste that is attributed to a supposed 
very active hydration of the WGPs during that period of time. At 
later ages the relative rate of hydration is balanced between the 
cement and the WGPs, resulted in a decelerated rate and a constant 
diff erence in compressive strength values.

It can be also demonstrated that the particle size of the WGPs 
has a stronger infl uence on the eff ectiveness of the cement 
replacement than e.g. the chemical composition. Fig. 11 indicates 

 Fig. 2.  Consistency tests according to EN 1015-3:1999 [16]
 2. ábra  Konzisztencia vizsgálata az EN 1015-3:1999 szerint [16] 

 Fig. 3.  Consistency tests results
 3. ábra  Konzisztencia vizsgálatok eredményei

 Fig. 4.  Compressive strength tests according to EN 196-1:2005 [15]
 4. ábra  Nyomószilárdság vizsgálata az EN 196-1:2005 szerint [15] 

Th e target of the present series of experiments was the direct 
analysis of the net infl uences of the WGPs on the hydration 
process of Portland cement, therefore, neat cement pastes were 
prepared with WGP addition. Cement was substituted with 
WPG at levels of 20% or 30% per mass of cement.

3.2 Mixing and consistency
Th e control cement paste mixture and the diff erent paste 

mixtures with WGP addition were mixed in a laboratory mortar 
mixer according to EN 196-1:2005 [15]. Th e water/cement ratio 
was selected to be w/c = 0.285. Where cement replacement by 
WGP was applied, the water/binder ratio was changed to w/b = 
0.342 (20% WGP) and w/b = 0.3705 (30% WGP), however, the 
water/cement ratio was kept constant at w/c=0.285.
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the relative compressive strength values corresponding to the 
age of 302 days over the specifi c surface area of the WGPs used 
in the present experiments, according to [13]. Th e eff ectiveness 
of the cement replacement increases as the specifi c surface 
area increases. Th e fl int WGP seems to be an outlier during 
the present tests. Th e results further confi rm the importance of 
the preparation of WGPs with high specifi c surface area for the 
optimal supplementary cementitious material performance. 

5. Conclusions
Th e present paper has summarised the experimental 

results of a laboratory test series carried out on cement paste 
specimens, in which waste glass powder (WGP) addition was 
used as a supplementary cementitious material (SCM) during 
a cooperation research between the Budapest University 
of Technology and Economics (BME), Department of 
Construction Materials and Engineering Geology and the 
Riga Technical University (RTU), Institute of Materials and 
Structures (IMS). CEM I 42.5 N Portland cement was used with 
WPG substitution at levels of 20% or 30% per mass of cement.

It was demonstrated that the WGP addition:
improves the workability of fresh pastes, ■
can be eff ectively used as cement replacement for  ■
compressive strength.

It was demonstrated that the particle size of the WGPs (specifi c 
surface area) has a stronger infl uence on the eff ectiveness of 
the cement replacement than the chemical composition.
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Megőrölt hulladék üveg (WGP) cement kiegészítő 
anyag (SCM) tulajdonságai – Bedolgozhatóság és 
nyomószilárdság vizsgálata
A megőrölt hulladék üveg cement kiegészítő anyagként 
történő felhasználása gazdasági és ökológiai haszonnal is 
jár: csökkenthető a hulladékdepóniákban elhelyezett anyag 
mennyisége, csökkenthető a nem megújuló nyersanyag fel-
használás mértéke, csökkenthető a cementgyártás energiai-
génye (kevesebb cement gyártása szükséges), csökkenthető 
ez által az üvegházhatást okozó gázok kibocsátásának 
mennyi sége. Egy laboratóriumi vizsgálatsorozat keretein 
belül megőrölt hulladék üveget alkalmaztunk cement 
kiegészítő anyagként. A kiegészítő anyag mennyiség 20% 
és 30% volt a cement tömegére vonatkoztatva. Kimutattuk, 
hogy a megőrölt hulladék üveg cement kiegészítő anyag javít-
ja a cementpép bedolgozhatóságát és közreműködik a meg-
szilárdult pép nyomószilárdságában. Megfigyeltük, hogy a 
megőrölt hulladék üveg fajlagos felületének nagyobb szerepe 
van a kiegészítő anyagként történő hatékony működésben, 
mint a kémiai összetételének.
Kulcsszavak: újrahasznosítás, hulladék üveg, cement 
kiegészítő anyag, bedolgozhatóság, nyomószilárdság

 Fig. 8.  Compressive strength and relative compressive strength of specimens with 
amber WGP

 8. ábra  Nyomószilárdság és relatív nyomószilárdság fejlődése a borostyán színű hul-
ladék üveg por kiegészítővel

 Fig. 9.  Compressive strength and relative compressive strength of specimens with LB WGP
 9. ábra  Nyomószilárdság és relatív nyomószilárdság fejlődése a fénycső hulladék üveg 

por kiegészítővel

 Fig. 10.  Compressive strength and relative compressive strength of specimens with DRL WGP
 10. ábra  Nyomószilárdság és relatív nyomószilárdság fejlődése a villanykörte hulladék 

üveg por kiegészítővel

 Fig. 11.  Relative compressive strength vs. specifi c surface area of WGPs
 11. ábra  A relatív nyomószilárdság a hulladék üveg por kiegészítők fajlagos felületének 

függvényében
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