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Abstract: This article presents the results of research on the possibility of replacing fly ash with
recycled waste glass in lower-strength concrete mixes. The results of testing concrete mixes containing
either waste-glass powder or fly ash are presented in the article. A standard C12/15 concrete mix
was chosen for the tests based on its common use for producing concrete for footings to support road
kerbs and gutters along national roads in the Polish province of West Pomerania. In the first step of
the testing procedure, reference mixes were prepared with 22.5% and 45% fly ash in relation to the
content of cement. In the next step, mixes were prepared based on the same specification, except that
glass powder was added in place of fly ash. The samples were then tested to determine the influence
of waste-glass powder on the main properties of the prepared concrete mixes and on the performance
of the concrete when hardened. All the samples were tested for 7 and 28-day compressive strength,
water absorption, and freeze-thaw resistance in water. Next, the performance parameters of the
samples containing waste-glass powder were compared to the reference mixes containing an equal
amount of fly ash. The test results and their analysis allow us to conclude that mixes containing glass
powder are not only equal to mixes containing fly ash, but even outperform them by a wide margin
in terms of durability.
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1. Introduction

According to a communication issued by the European Commission in December
2019, decarbonisation of the energy sector is one of the priorities of the European Union
(EU) and is of key importance to achieving the associated climate objectives for the years
2030 and 2050 [1]. To this end, it is necessary to switch from coal to renewable energy
sources. Also, it needs to be remembered that concrete to which no waste materials have
been added is rare nowadays. Some of these additions (e.g., fly ash) are well known and
have been in common use for years. It is clear that the deficit of fly ash, due to the closure
of coal-fired power plants, will restrict the availability of this long-used component in the
future [1]. Hence, the need for further research to look for alternative waste materials is
imperative. An analysis of concrete-mix designs containing low-strength concrete used
for road construction in the Polish province of West Pomerania revealed that fly ash is a
frequently used addition. The authors believe that it can be replaced with, for instance,
recycled, ground waste glass. According to statistical data [2], the average glass-recycling
rate in Poland in 2017 was as low as 62.5%, compared to an average of 76.2% across the EU.
Therefore, a large part of waste glass is still not being recycled. This means that the volume
of waste glass being dumped into landfills increases annually by ca. half a million tonnes.
It is also worth noting that reducing the impact of waste on the environment is of great
importance in order to achieve the Green Deal goals. Depending on local conditions, after
proper treatment (grinding), recycled waste glass, like fly ash, can be added to concrete at
the production stage. This notably concerns waste glass that is unsuitable for recycling in
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glass factories due to excessive dirt or colour variety. Such waste glass can obviously be
reused if it is first subject to preprocessing, i.e., primarily cleaning, separation of coloured
from clear glass, and crushing to the appropriate particle size. However, this is not an
easy task because of the complicated process of separating and sorting [3]. Figure 1 shows
typical waste glass preprocessing and precleaning.

(a) (b)

Figure 1. View of waste glass; raw (a) and precleaned (b).

Recent publications [4-13] indicate an increasing interest in waste glass and its ap-
plication in concrete production. It is worth noting that use of glass as an addition to
concrete can be limited due to the risk of alkali-silica reaction (ASR) [5-7,13]. Some studies
have demonstrated that particles of glass greater than 1 mm make concrete more prone
to ASR-induced damage [7,8]. Conversely, the addition of ground glass reduces or limits
the adverse effect of expansive ASR products [13-15]. Other studies have demonstrated
pozzolanic properties in concretes containing ground glass [14,16]. There are many re-
search projects [4,7,9,10,17] concerning concrete of C20/25 strength class and higher, in
which waste glass is most often seen as a partial substitute for cement, fine aggregate,
or both of these ingredients at the same time. On the other hand, there are no studies
treating waste glass in the same way as other concrete admixtures, i.e., as a filler and partial
substitute for cement. While improving the performance of concrete, these additions can
also reduce the amount of cement and lower the production cost. The research described
in this article was inspired by the promising results of experiments conducted on concretes
containing waste-glass powder, as presented in [18]. That being said, the authors have
attempted to replace fly ash with recycled ground glass in low-strength-class mixes, i.e.,
up to C20/25. In road-construction applications, mixes of this type are used mainly for
the casting of footings to support precast gutters laid along roads and kerbs. Currently,
the only requirement for such mixes to be used on the national roads in Poland is that
the concrete has a set minimum strength class. According to the requirements [19], such
footings should be made from concrete with a compressive strength class of C12/15.

2. Materials and Methods

The subject of this research is the basic properties of concrete mixes and of hardened
concrete with various additions. Two types of additions were used: siliceous fly ash (FA)
and waste-glass powder (GP). The control mixes were produced with fly ash, which has
been successfully used in concrete production for many years. From the observations made
during quality control of works and materials used for the national roads in Poland, we
knew that the content of fly ash in concretes can reach 50% by weight of cement (on the
basis of the analysis of the specifications of C12/15 concrete used on national roads in
the Polish province of West Pomerania). The amounts of fly ash added to the mix were
22.5% and 45% of the weight of cement (the percentage of cement remained unchanged).
The design of the tested mixes was prepared on the basis of the control mix design, with
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fly ash being replaced by waste-glass powder. Therefore, a total of four series of concrete
samples were prepared. The designations of the respective mixes indicate the type and
the percentage content of the addition in relation to the weight of cement. The water to
cement ratio (W/C) of 0.8 was constant in all the concrete mixes, and so was the grain size
distribution. It was assumed that strength class C12/15 concrete, according to EN 206 [20],
would be obtained after 28 days of curing. Concrete mixes were prepared using general-
purpose CEM I 42,5R Portland cement and natural aggregate, which was obtained by
mixing washed sand with gravels of 2/8 mm and 8/16 mm grading. The mix specifications
are given in Table 1 below.

Table 1. Mix specifications (the sources of the materials are given in parentheses).

Mix Symbol
Component (Amount per 1 m® (kg))
C_FA 225 C_FA 450 C_GP 2255 C_GP_45.0

CEM142.5R (Cemex) 200 200 200 200
Sand 0/2 (Bielinek) 900 900 900 900
Gravel 2/8 (Ognica) 430 430 430 430
Gravel 8/16 (Ognica) 450 450 450 450

Fly ash (Dolna Odra) 45 90 - -
Waste-glass powder - - 45 90
Water 160 160 160 160
Water/cement ratio 0.8 0.8 0.8 0.8

The additions to concrete used in this research had different properties (Figure 2). Fly
ash originated from coal combustion in the Dolna Odra power plant. Glass powder was
obtained by crushing prebroken brown glass bottles in a laboratory crusher and grinding
them in a Micro-Deval apparatus. The Blaine value of ground waste glass obtained
in this way was 4737 cm?/g, and the Blaine value of fly ash was 3983 cm?/g. In this
respect, fly ash is closer to cement (3728 cm?/g). The highest density was obtained from
cement (3.10 g/ cm?), and the lowest from fly ash (2.00 g/ cm?). The density of waste-glass
powder was 2.52 g/cm?3. Fly ash and ground glass differ in terms of chemical composition.
Brown glass powder contains more SiO; (ca. 70%) [13,16,17] than fly ash (ca. 50%) on
average [16,21].

(@) (b)

Figure 2. Waste-glass powder (a) and fly ash (b) used for producing the tested mixes.

The consistency of the produced concrete mixes was evaluated using the slump cone
test according to EN 12350-2 [22], their density was measured according to EN 12350-6 [23],
and the total air content was determined with the pressure gauge method according to EN
12350-7 [24], ten minutes after mixing the components. Samples for compressive strength
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testing according to EN 12390-3 [25] and for freeze-thaw durability testing according to
PN-B-06250:1988 [26] were moulded in the next step.

A compressive strength test was performed in compliance with EN 12390-3 [25]. Six
150 x 150 x 150 mm concrete cubes were made from each test series. Before the tests,
the density of the concrete was determined according to EN-12390-7 [27]. Since low-
temperature performance requirements were not specified for concrete used for the casting
of footings under gutters and kerbs on national roads, the experiments were carried out as
if they were used for freeze-thaw resistance classes F25 and F100. Freeze-thaw resistance
was tested according to PN-B-06250:1988 [26], using the ordinary method. For dozens of
years, this has been the main method used in Poland for rating the freeze-thaw resistance of
concrete. Two sets of 100 x 100 x 100 mm cubes were prepared from each concrete series.
Each set included 12 specimens, and 24 specimens were prepared from each mix; these
were used to determine the freeze-thaw durability after 25 and 100 cycles, respectively.
After demoulding, the specimens were cured by immersion in water at a temperature of
20 £ 2 °C. In the next step, the samples were weighed, and then six specimens of each
mix were subjected to the predefined number of freeze-thaw cycles while the other six
remained immersed in water. After cycling, all samples were reweighed and subjected
to a compressive strength test, both those exposed to freezing and those left in water.
A visual assessment of the samples was conducted prior to the test. Water absorption
capacity by weight after 28 days of curing, according to PN-B-06250:1988 [26] and using
the standard-sample 100 x 100 x 100 mm cubes, was also determined.

3. Results and Discussion
3.1. Fresh Properties

The test results obtained on the tested concrete mixes are given in Table 2 and Figure 3.

Table 2. Properties of the tested concrete mixes.

Mix Symbol
Parameter Unit
C_FA_22.5 C_FA_45.0 C_GP_225 C_GP_45.0
Slump Cone mm 10 10 30 30
Consistency class - S1 S1 S1 S1
Density kg/m?3 2280 2270 2250 2270
Air content Y% 3.9 41 4.8 5.1

Pkl

(a)

hs

(b) (c) (d)

Figure 3. Slump cone test results: C_FA_22.5 (a), C_FA_45.0 (b), C_GP_22.5 (c) and C_GP_45.0 (d).

The tested concrete mixes gained the assumed initial consistency S1 (slump less than
50 mm). The concrete mix with the addition of waste-glass powder was characterised by
greater fluidity (greater slump) than the mix containing fly ash. This may be due to a lower
water demand of glass and the smooth surface of glass particles. The amount of air was the
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highest in the mixes containing ground glass and the lowest in the mixes containing fly ash.
Replacing fly ash with ground glass increased the total air content in the mix (by ca. 1%).

3.2. Hardened Properties
3.2.1. Compressive Strength

The density of concrete samples oscillated between 2270 kg/m? and 2300 kg/m?3.
The density of the tested mixes was in the range typical of regular concrete, namely
2000-2600 kg/m?3. Compressive strength was determined after 7 and 28 days of curing.
Compressive strength was calculated based on the actual dimensions of the samples. The
average values are represented in Figure 4. The minimum required compressive strength
of C12/15 concrete is shown with a dashed line (19.0 MPa). The values obtained after 7 and
28 days of curing are represented by plain and crosshatched bars, respectively.

O after 7 days after 28 days
35

30
25
20

15

Compressive strength [MPa]

10

C_FA 225 C_FA_450 C_GP_225 C_GP_45.0
Mix symbol

Figure 4. Compressive strength of the tested concrete mixes showing standard deviation.

After 28 days of curing, all the tested concrete mixes achieved the minimum compres-
sive strength class. The mix containing fly ash obtained the highest compressive strength
in all the tests. However, the range in compressive strength, compared to concrete with
ground glass, of up to 2.9% was considered insignificant.

When comparing the compressive strength after 28 days and after 7 days of curing,
we observed the greatest increase in the case of concrete with the addition of glass powder
(by 43-52% depending on the quantity of glass added to the mix). For mixes with fly ash,
compressive strength increased in this period by 30% to 40%. The compressive strength
increased with the quantity of additions.

3.2.2. Water Absorption

The water absorption of the tested mixes was determined in accordance with the
Polish standard PN-B-06250:1988 [26]. Four specimens were prepared from each concrete
series. The average values are represented in Figure 5.
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Figure 5. Water absorption of the tested mixes showing standard deviation.

Mixes containing fly ash showed the lowest water absorption of all the tested mixes
after 28 days of curing. It was observed that the higher the fly-ash content in concrete,
the lower its absorption capacity. The absorption values of mixes containing waste-glass
powder were at a similar level of ca. 7.4%.

3.2.3. Freeze-Thaw Resistance

According to the frost-resistance criteria of the Polish standard PN-B-06250:1988 [26],
for concrete to be rated as “frost resistant”, the weight variation (AG) must not exceed
5%, the loss of compressive strength (AR) must not be higher than 20%, and cracks must
not occur during the test. The results of the durability tests (decrease in strength) of the
mixes, including their resistance to freeze-thaw cycles for frost resistance of F25 and F100,
are shown in the Figure 6. The dashed line indicates an average decrease of compressive
strength of 20%. The decrease of strength after 25 and 100 freeze-thaw cycles is represented
by plain and crosshatched bars, respectively.

DO after 25 freeze-thaw cycles after 100 freeze-thaw cycles

58.5

114
6.8

C_FA 225 C_FA 450 C GP 225 C_GP 450
Mix symbol

Figure 6. Decrease in compressive strength of mixes subjected to either 25 or 100 freeze-thaw cycles.
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An analysis of the results of the frost-resistance test revealed a big difference between
the behaviour of concrete with fly ash and with glass powder when subjected to subzero
temperatures. The effect of waste-glass powder on the durability of concrete after several
freeze-thaw cycles was clearly noticeable. Based on the analysis of test results represented
in Figure 6, it can be stated that only mixes with the addition of glass powder satisfied the
requirements of either the F25 or F100 class, as per PN-B-06250:1988 [26]. The compressive
strength of concrete with the addition of glass powder decreased by 1% to 11.4% on average,
depending on the number of freeze-thaw cycles, which was far below the allowed limit
of 20%. The weight change did not exceed 0.1% (weight loss after 25 freeze-thaw cycles)
and 0.2% (weight increase after 100 freeze-thaw cycles), which was less than the allowed
limit of AG = 5%. Figure 6 shows that the average decrease in compressive strength after
28 days of curing (C_GP_45.0) was smaller than the average decrease in compressive
strength after 7 days of curing. In the authors” opinion, considering the uncertainty of
the measurements (expanded uncertainty of 3%), this difference was not significant. The
results for mixes containing fly ash admixture turned out to be diametrically different.
Upon completion of freeze-thaw cycling, significant damage to the surface and edges of the
samples was observed. One of every six specimens of fly-ash concrete mixes (C_FA_22.5)
was destroyed in the tests (Figure 7a). An average decrease of compressive strength for
these concretes exceeded the 20% value allowed by the norm [26] and, depending on the
number of cycles applied, fell within a range between 23% and 59%. The weight change
did not exceed 0.6% (weight increase after 25 freeze-thaw cycles) and 1.5% (weight increase
after 100 freeze-thaw cycles). Therefore, the tested concretes with the addition of fly ash
should be considered nonresistant to frost action.

(a) (b)
Figure 7. Specimens of concrete: C_FA_22.5 (a) and C_GP_22.5 (b) after 100 freeze-thaw cycles.

The greatest reduction in compressive strength (of 28%) was observed for the mix
containing 22.5% fly ash. In turn, the concrete containing 22.5% glass powder showed
the smallest (1%) change in compressive strength. Furthermore, compressive strength
changed more significantly in the case of the concrete mixes subjected to a greater number
of freeze-thaw cycles (100). Concrete with 45% fly ash was characterized by the greatest
reduction of compressive strength (by 43%) and concrete with 45% of glass powder showed
the smallest reduction in compressive strength (of 5%).
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The results were subjected to a statistical analysis in the Statistica software [28].
Strength calculations showed that the difference between the average compressive strengths
(also referred to as the average decrease of compressive strength) between fly ash concrete
and concrete containing glass powder was significant only in the case of the decrease of
compressive strength in the freeze-thaw resistance test.

3.2.4. Visual Assessment of Concrete Samples

The pictures below shows the surfaces of the tested concrete samples after cutting
(Figure 8).

(©) (d)

Figure 8. View of the concrete samples after cutting: C_FA_22.5 (a) C_FA_45.0, (b) C_GP_22.5, (c)
and C_GP_45.0 (d).

Different microstructures were observed after cutting the concrete samples. On the
surface of concrete samples with the addition of fly ash, a large number of pores with a
diameter greater than 1 mm was noticed (Figure 8a,b). The analysis of the surface images of
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concrete samples showed that the structure of concrete with the addition of glass powder
was more compact with lessened porosity (Figure 8c,d).

4. Conclusions

This article presents the results of experimental determinations of the properties of
C12/15 concrete mixes and hardened concretes containing either fly ash or glass powder.
Based on the performed research and analyses, the following can be concluded:

e  Concrete mixes with glass powder are characterized by a greater liquidity and a
greater total air content.

e  Irrespective of the type and quantity of the added material, the concretes have compa-
rable compressive strength classes falling in the range between 24.7 MPa and 28.7 MPa.
All the tested mixes met the compressive strength requirements for C12/15 class con-
crete and can be used for casting footings to support road kerbs and gutters along
national roads in Poland.

e The greatest differences between the mixes concerned durability. As a result of
exposure to freezing temperatures, the control mixes with fly ash suffered considerable
damage. Replacement of fly ash with waste-glass powder in C12/15 strength concrete
result in concretes satisfying the freeze-thaw resistance criteria for classes F25 and F100.

In light of the test results obtained for the reference concretes (with fly ash addition),
glass powder was shown to have no adverse effect on the compressive strength of concrete,
did not significantly increase its water absorption, and significantly improved the resistance
to frost attack. The above conclusions should be deemed preliminary and can be used as
a basis for deriving a plan for further research. To begin with, the authors plan to verify
ground waste glass added to concrete in terms of reactivity. Furthermore, for a more
accurate picture, we also plan to carry out studies concerning the particle size and shape
distribution of both fly ash and ground waste glass. Taking into consideration current
efforts aimed at curbing CO, emissions and material consumption, the results obtained
in this study justify the need for further research on the use of recycled glass powder as a
concrete admixture.
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