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Abstract: Silicon is the main element in the composition of glass and it has been seen that it can be
used as a partial replacement for cement in the manufacture of concrete. Different dosages of glass
powder and cement were applied to manufacture the concrete mixes. Initially, the characteristics
of fresh concrete were studied, such as consistency, air content, apparent density and workability.
Secondly, compressive strength tests were performed on the different concrete mixtures produced.
The consistency tests allowed us to classify these concretes within the group of fluids. The air content
of these concretes increased with the rate of substitution of cement by glass powder, resulting in
lighter concretes. Density tests showed that this parameter decreased as the rate of substitution
of cement increased. A coefficient k has been calculated for the substitution of glass powder by
cement in the binder, using the Bolomey formula. Also, a mathematical model has been proposed to
further analyze the experimental data. Major contributions of this work were to study the possible
application of this concrete in different dispersions as a surface protection layer against the action of
corrosion, in wind turbine foundations as well as the stabilization of the wind farm roads.

Keywords: sustainability; compressive strength; Bolomey formula; sustainable concrete; glass pow-
der

1. Introduction

By designing the 2030 Agenda, the United Nations (UN) established 17 primary global
objectives, the so-called SDGs (Sustainable Development Goals) [1], mainly focusing on
eradicating poverty, protecting the planet by fighting climate change and defending the en-
vironment. It is a commitment and a challenge that must be addressed jointly, seriously and
responsibly from all areas of society. Since ancient times, civil engineering has promoted
the development of society through the construction of different types of infrastructures [2].
However, this development has caused severe environmental damage due to the large
amount of natural resources demanded, as well as the pollution produced [3]. Current
trends in the field of civil engineering are aimed at adapting to the SDGs by achieving re-
silient and sustainable infrastructures that contribute in some way to the circular economy,
where the value of products and materials is kept as long as possible. Waste and the use of
resources are minimized, as these resources are kept within the economy when a product
has reached the end of its useful life in order to be repeatedly reused and continue creating
value [4], and contributing to achieve innovative products that represent an economic
benefit and a higher quality of life for people [5]. Therefore, it is important to carry out
an evaluation of the efficiency and sustainability of the works to determine the degree of
efficiency of the materials and construction methods [6].
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Within the framework of the circular economy, the role of glass is worth highlight-
ing [7]. Glass is a material that is easily recyclable due to its physical-chemical characteris-
tics [7]. All types of glass waste are used in the recycling process, coming from the selective
recovery of containers and packaging from the glass and ceramic industry [8].

Although in most industrialized countries the percentage of annually recycled glass
is increasing, there is still a high percentage of glass that is disposed in landfill [9], which
involves an important problem due to the accumulation of non-degradable waste, especially
in highly populated areas [10].

Some of the problems to increase the recycling rate of glass waste come from the
combination of different colors of glass waste, as well as difficulties in removing dirt, paper
or other contaminants from glass products [11]. These wastes that cannot be recycled will
be reused for certain uses.

Currently, there are many studies that show the good properties of glass waste, which
cannot be recycled, as substitutes for certain materials in the preparation of mortars and
concrete. They are considered indeed one of the most suitable substitutes for sand and
cement, due to their physical characteristics and chemical composition [12–14]. This reuse
of waste materials becomes a viable strategy to reduce the use of Portland cement and
natural aggregates in the preparation of mortars and concretes, reducing environmental
and energy impacts. Among these, the reduction of CO2 emissions is significant [14,15],
as well as of areas destined for controlled landfills [13,16]. In this context, the so-called
eco-efficient concretes arise, which comply with the characteristics outlined, but, in some
cases, they have some worse properties, such as compressive strength or durability, when
compared to those made with natural materials [16].

The use of finely grinded glass powder in the manufacture of mortars and concretes
has been widely studied, especially the optimum particle size. Most of the studies have
focused on assessing how the properties of concrete vary depending on the substitu-
tion percentage of cement by glass powder, as well as its particle size, which has been
shown to play a vital role in the alkali–silica reaction (ASR) [17–19]. At this regard, and
according to Idir et al. [19], with a particle size between 0.9 and 1 mm and a substitution
percentage of 20% with glass powder, the classic contractions due to ASR do not occur.
Corinaldesi et al. [20] stated that up to a substitution percentage of the aggregates by glass
powder of 70% can be reached, provided that a particle size between 36 and 50 µm is used.
This showed that by reducing the particle size of glass powder, the pozzolanic properties of
the binders manufactured increase. In addition, a greater long-term strength resistance of
the pastes manufactured with this type of cement was obtained, due to the higher presence
of C-S-H gels [19,20]. Also, these gels have a self-repairing property when they are used in
the stabilization of rolling track soils by prolonging their setting over time [21].

Liu [22] reported that self-compacting concrete produced with 10% glass powder to
replace cement had good properties when fresh. They indicated that workability decreased
as the glass powder content of the concrete increased due to the geometry of the glass
dust. In the same line, Parghi et al. [13] indicated that the sharper edge and the more
angular shape of the glass powder (GP) particles reduced the fluidity of the cement mortars
and concretes.

Nassar and Soroushian [23] reported pozzolanic activity when glass powder with
a particle size of 13 µm was used as a fractional replacement for cement in concrete.
Schwarz et al. [24] studied the properties of ground glass powder and reported that up
to a certain percentage substituting ground glass for cement was a viable solution for
fabrication in concrete.

Studies carried out by Sahyan et al. [25] have shown that at constant water-to-binder
mass ratio, the addition of 20% of glass powder significantly reduced the chloride ion
permeability of concrete, which was confirmed by Schawrz et al. [21]. This property confers
protective properties against corrosion to concretes made with glass powder and cement.
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Shaoa et al. [23] observed an increase in compressive strength of 120% at the cure age
from 3 to 90 days, when concrete was produced with ground glass powder with particle
size up to 38 µm.

According to Pengwei et al. [24], in the traditional concrete used in civil construction
that is generally subjected to large changes in temperature, its durability is clearly affected,
and in extreme cases can leave the concrete out of service. To avoid these consequences
in traditional concretes, air-entraining additives are incorporated into the mix. In the
case of concrete made with glass powder as a binder, the higher the percentage of sub-
stitution of glass powder for cement, the higher the air content, so it is not necessary to
include additives.

In 1935, Bolomey gave a formula to predict the compressive strength of cement mortar,
which expresses a linear relationship between the water–cement ratio and compressive
strength. This expression indicates that compressive strength of cement-based materials is
mainly dependent on the water–cement ratio among all the other factors. Therefore, it is
seen as a mathematical form of water–cement ratio law. In this regard, based on Fernández
Cánovas studies [25], a calculation of theoretical compressive strengths at 28 and 90 days
was reported using Bolomey’s dosage, introducing a coefficient k that represented the
replacement of cement CEM I52.5 R by glass powder.

Considering all the above-mentioned points, our initial research hypothesis was that
the glass powder used in this work, with its characteristics and particle size, will allow us
to produce an ecofriendly concrete, whose mechanical properties will not be adequate to
use it as a structural concrete, but it may be useful as a surface protection layer to avoid
or reduce corrosion phenomenon. Therefore, the aim of this work consisted of studying
the compressive strength of cements produced with different substitution percentages of a
certain glass powder. A mathematical model has been proposed to fit the experimental
compressive strength results. Also, Bolomey’s formula was applied for simulation of the
relationship between the water–cement ratio and 28- and 90-day compressive strength.

In summary, major contributions of this work were to study the possible application
of concrete made with cement and glass powder in different dispersions as a surface
protection layer against the action of corrosion, in wind turbine foundations as well as
the stabilization of the wind farm roads, since it is a sustainable and environmentally
friendly material. On the other hand, the mathematical model developed has resulted
in an appropriate simulation tool, since errors between real and simulated final stable
values of compressive strength were lower than 3.3%. Finally, it has been proved that glass
powder exerted an important activity in increasing the long-term compressive strength
of concretes, according to results obtained by the application of Bolomey’s formula. Also,
the use of glass powder as a binder in the concrete would be beneficial from the point of
view of the circular economy and environmental footprint because a final waste, which
cannot be further recycled and whose destiny would be a landfill, may have another useful
application.

2. Materials and Methods
2.1. Materials

CEM I 42.5-R Portland cement (Cementos Portland Valderrivas, Morata de Tajuña,
Madrid, Spain) was used. This cement had a density of 3.12 g/cm3, a specific surface of
4.440 cm2/g and a green–gray color. Its chemical composition was as follows—CaO (65%),
SiO2 (19%), Al2O3 (5.5%), Fe2O3 (2.65%), SO3 (2%), MgO (2%), Na2O (0.15%), K2O (0.7%).

The aggregate in mortar was essentially siliceous and non-reactive. It was sand with a
granulometry <4 mm, gravel 4–12 mm and gravel 12–20 mm.

The glass powder used came from the grinding of waste from the ceramic industry, as
well as from containers and packaging from the selective rubbish collection, which cannot
be reused due to their characteristic (high percentage of paper, cork or plastic attached).
They have been ground in a bar mill equipped with 15 bars of 3 different diameters and
with different grinding times.



Appl. Sci. 2021, 11, 3050 4 of 16

d50 glass powder of 16 µm was used (dimension of sample particles for which 50% of
them have a diameter lower than a certain value) [8], which provides interesting mechanical
results at a cost energy clearly lower than that necessary to obtain smaller granulometries
of glass powder. This makes the use of this material more sustainable in the field of Civil
Engineering [26].

Chemical composition of glass powder was given by the manufacturing company. It
is composed by 71.00% SiO2, 11.80% Na2O, 11.28% CaO, 2.20% Al2O3, 1.60% Fe2O3, 1.40%
MgO, 0.60% K2O, 0.10% MnO, 0.07% TiO2 and 0.05% P2O5, with 0.90% volatile LF (lost of
the Fire).

Physical and mechanical characteristics of the waste used were obtained by means of
different analysis techniques—laser granulometry, X-ray Diffraction and Scanning Electron
Microscopy. It should be noted that all the aforementioned ground glass powder comes
from the same batch of waste. Only their granulometries vary.

2.2. Characterization of Fresh Concrete

Consistency tests were carried out using the UNE-EN 12350-5 standard [27], by means
of the settlement test, which is sensitive when the mean settlement is between 10 and
200 mm. The air content of prepared concrete was determined by the UNE-EN 12350-7
standard [28] by pressure methods. The procedure followed for the calculation of density
and porosity was based on the corresponding standard [29].

2.3. Sample Preparation

In order to evaluate the different characteristics of concrete, 6 series of test pieces were
manufactured in accordance with the UNE-EN 12390-2 standard [30]. The only difference
between these specimens was the amount of glass powder used to replace the CEM I 52.5
R cement, as described in Table 1.

Table 1. Summary of experimental conditions for the samples prepared.

Concrete Composition Sample ID

Control G15 G30 G45 G60 G80

Cement substitution rate for glass powder (%) 0 15 30 45 60 80
Cement CEM I 52,5 R (kg/m3) 330 280.5 231 181.5 132 66

Glass Powder (kg/m3) 0 49.5 99 148.5 198 264
Equivalent binder (kg/m3) 330

Plasticizer (% binder) 0.35
Total water (L) 184

Arid <4 mm 740
Gravel 4–12 mm 310

Gravel 12–20 mm 850

All the mixtures were completely homogenized and poured into 10× 30 cm cylindrical
molds. They were compacted and after 24 h they were removed from the mold and kept
in a humid curing chamber at 20 ◦C, for 2, 7, 28, 90 and 180 days. After this time, the test
tubes were broken in accordance with the instructions of the UNE 83-304-84 standard [31],
and the properties of compressive strength of manufactured concretes were determined.

3. Results and Discussion
3.1. Characterization of Glass Powder

Three grinding processes were carried out on the waste glass, each one for a different
time, in order to obtain three samples of glass powders with different particle sizes.

Three dimensions have characterized the glass powders—d10, d50 and d90. They
represent, respectively, the diameter of the sample particles for which 10%, 50% and 90%
of the particles have a diameter smaller than that dimension, as can be seen in Table 2. In



Appl. Sci. 2021, 11, 3050 5 of 16

this work, the value of d50 was used for the characterization of the different batches of
ground glass.

Table 2. Granulometric characteristics of glass powders produced as a function of grinding time.

Glass Powder Used Griding Duration d10 d50 d90

T1 2 h 30 2.92 ± 0.01 µm 33 ± 1 µm 110 ± 3 µm
T2 4 h 15 1.96 ± 0.01 µm 16 ± 1 µm 59 ± 2 µm
T3 5 h 1.65 ± 0.01 µm 11 ± 1 µm 43 ± 2 µm

The cumulative granulometric curves of the three samples (Figures 1 and 2) revealed
considerable differences in the distribution of particle size.
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The glass powder subjected to X-ray diffraction tests resulted in a broad diffraction
band between 15 and 45 degrees, which corresponded to its amorphous and disordered
structure. The X-ray diffractogram of the glass powder of d50 = 16 µm is shown in Figure 3.
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By means of the observation through the Scanning Electron Microscope (SEM), glass
grains with particle size between 1 and 20 µm can be observed. These grains showed
acicular shape and cone-shaped fractures. It should be noted the absence of fine elements
attached to these glass particles and their low porosity. A frontal and side views of a glass
powder particle, obtained by SEM, are shown in Figure 4.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 6 of 16 
 

The glass powder subjected to X-ray diffraction tests resulted in a broad diffraction 
band between 15 and 45 degrees, which corresponded to its amorphous and disordered 

structure. The X-ray diffractogram of the glass powder of d50 = 16 μm is shown in Figure 
3. 

 

Figure 3. X-ray diffractogram of the glass powder of d50 = 16 μm. The dotted area shows the 

bulging of the baseline indicating the presence of amorphous phases [32]. 

By means of the observation through the Scanning Electron Microscope (SEM), glass 
grains with particle size between 1 and 20 µm can be observed. These grains showed 

acicular shape and cone-shaped fractures. It should be noted the absence of fine elements 
attached to these glass particles and their low porosity. A frontal and side views of a glass 
powder particle, obtained by SEM, are shown in Figure 4. 

 

Figure 4. View of a glass powder particle (scanning electron microscopy (SEM) cliche in secondary 

electrons). Frontal view (left) and side view (right) [32]. 

3.2. Results of the Characterization of Concrete 

Results obtained for consistency, air content, apparent density and workability tests 

are shown in Table 3. 

  

Figure 4. View of a glass powder particle (scanning electron microscopy (SEM) cliche in secondary
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3.2. Results of the Characterization of Concrete

Results obtained for consistency, air content, apparent density and workability tests
are shown in Table 3.
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Table 3. Results obtained in the characterization of fresh concrete and concrete substituted by
glass powder.

Control G15 G30 G45 G60 G80

Consistency (mm) 11 16 16 16 14 13
Air content (%) 2.8 3.9 5.0 5.0 6.8 7.5

Apparent density
(kg/m3) 2390.1 2351.0 2338.5 2330.5 2292.0 2282.0

Workability
(easy/difficult) easy easy easy medium medium difficult

According to the results obtained for the consistency tests, carried out by means of
a settlement test, concretes studied can be classified within the group of fluid concretes,
regardless of their dosage. It can be observed that the penetration values decreased as the
amount of glass powder added to the mixture increased, which is in agreement with the
results obtained by Liu [22]. Regarding the air content, it varied from 3.9% to 7.5%, so air
content increased with the substitution rate of the CEM I 52.5 R cement by glass powder.
Therefore, it can be said that replacing cement with glass powder led to a higher air content.
This phenomenon is caused by the retention of air bubbles by the surface energy of the
glass, which is greater the finer the glass grains are. For this reason, the volumetric mass
of the different concretes varied, decreasing when the substitution of cement for glass
powder increased. In addition to air, a second cause intervened in the decrease in the
volumetric mass of the concretes, which was the volumetric mass difference between glass
and cement. This is because the substitutions of CEM I 52.5 R cement for glass powder
were mass substitutions that were made without the volumetric corrections due to the
presence of aggregates.

Workability decreased when the amount of glass powder in the binder increased, also
in accordance with the tests carried out by Liu et al. [22].

The densities of the different concretes manufactured for this study were between 2351
and 2282 kg/m3, so density decreased as the rate of substitution of cement for glass powder
increased. This is not in agreement with some authors, for example, Parghi et al. [13], who
reported that the density was higher the higher the percentage of glass contained in the
mixture was. This may be due to the volumetric mass of the cement used, which was
3.12 g/cm3, while that of the glass powder was 2.54 g/cm3.

Regarding workability, the results obtained for the manufactured concretes did not
show significant changes. This result is in agreement with those obtained by Pereira-de-
Oliveira et al. [33] and Taha et al. [34].

3.3. Mechanical Properties of Concrete

Table 4 presents the compressive strengths of manufactured concretes, with and
without cement replacement with glass powder (see Table 1 for dosages), for all test ages
(2, 7, 28, 90 and 180 days).

Table 4. Compressive strength of concrete manufactured with cement replaced by glass powder.

t (Days) Compressive Strength (MPa)

Control G15 G30 G45 G60 G80

2 22.4 17.3 12.4 8.6 2.7 0.5
7 29.9 25.9 20.4 15.9 5.0 1.5

28 34.5 32.0 23.9 21.2 10.0 3.7
90 39.6 32.6 29.8 25.2 14.2 8.6
180 40.4 33.8 30.7 26.9 15.8 10.3

As can be observed, for concrete prepared with cement replaced by glass powder, the
compressive strength of the concrete decreased when the quantity of glass powder in the
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binder increased. This can be attributed to the fact that glass powder has a low pozzolanic
activity at the early ages. These results are in agreement with the results obtained by
Tan et al. [35] and Mizahosseini et al. [36].

3.3.1. Mathematical Analysis of the Experimental Results

A mathematical model has been proposed to further analyze the experimental data.
The results obtained fit the following equation:

Cs = Cs0

(
1− exp

(
−
(

t
τ

)n))
(1)

close to the one that defines a first order system in classical mechanics (a similar model
has been used by Fiol et al. [37] In the above equation, Cs is the compressive strength, Cs0
is the final stable value of the compressive strength, t stands for the number of days after
setting, n is a shape constant, and τ is a characteristic time that represents the time when
the compressive strength reaches a 63% of its final value. The results of the fittings, together
with the Root Mean Squared Error, RMSE:

RMSE =

√√√√ 1
N

N

∑
i=1

(Cs|measured − Cs|calculated)
2 (2)

are presented in Table 5. The results of the modeling have been plotted in Figure 5 with
dashed lines.

Table 5. Coefficients of Equation (1), Cs0, τ, and n, fitted to the measured values of the compressive
strength, for each one of the studied cases (see Table 4), together with the Root Mean Squared Error
(RMSE) of each fitting.

Control G15 G30 G45 G60 G80

Cs0 (MPa) 41.89 33.237 31.978 26.964 16.618 11.011
τ (d) 1.5979 2.0105 2.4732 3.3509 9.3934 59.627

n 4.1999 3.4191 9.4455 10.810 32.400 62.276
RMSE
(MPa) 0.608 0.364 1.025 0.634 0.107 0.226
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The model has proven to simulate quite well the results, as the errors were between
0.65% and 3.21% in relation to the calculated values of Cs0. Results of the model fitting to
the G15 sample were slightly different, as the shape of its curve seemed to detach from the
general pattern shown by the curves fitted to the data from the other cases. In Figure 6, the
coefficients of Equation (1) extracted from the different samples data are plotted in relation
to the amount of glass powder used to replace the cement, Gp. The following equations
were fitted to the results (see the dashed lines in graphs from Figure 5):

Cs0 = 41.54− 38.06Cs

(
R2 = 0.967

)
(3)

τ = 2.8477 + 46.875C2
s + 73.28C4

s

(
R2 = 0.986

)
(4)

n = 0.3266 + 1.0277C2.172
s

(
R2 = 0.857

)
(5)
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Figure 6. Coefficients of Equation (1), Cs0, τ, and n, plotted in relation to the amount of glass powder used to replace the
cement, Gp. The corresponding lines of tendency (Equations (3)–(5)) have been plotted as dashed lines.

From Figure 5, it can be seen that the coefficient n from the G15 sample did not fit
Equation (5), making the fitting of Equation (1) to this sample data (see Figure 5) slightly
different from the general pattern. This might indicate that the normal errors present in the
process of manufacturing the samples has larger effects for lower quantities of glass powder
replacing the cement (that is, for lower values of Gp). Finally, with the coefficients extracted
from the above equations for Gp = 15, the modeling of the sample G15 has been calculated
and plotted in Figure 5 with a solid line. The fitting was worse to the experimental data
than the one obtained from the direct fitting of Equation (1), with the error being larger
(RMSE = 4.32%).

3.3.2. Simulation by Bolomey’s Formula

As previously mentioned, Bolomey’s formula allows us to predict the compressive
strength by means of a linear relationship between the water–cement ratio and compressive
strength. According to Bolomey’s law, by introducing a coefficient for a certain admixture,
the compressive strength values of a concrete in which this admixture has been included as
part of the binder can be estimated. From this equation, the effect of such addition on the
compressive strengths of concrete can be measured:

Cs = Csm× G
(

C + k + A
V

− 0.5
)

(6)
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where:

Cs: Compressive strength of concrete (MPa);
Csm: Compressive strength of a mortar of the same age (MPa);
G: Granular coefficient;
C: Amount of cement per m3 of concrete (kg/m3);
k: additive coefficient; and
V: volume of water per m3 of concrete (l/m3)

Using the above Equation (6), the theoretical values, at 28 and 90 days, of the compres-
sive strengths of concrete in which a part of the CEM I 52.5 R cement has been replaced by
an inert additive (k = 0), were calculated. Table 6 shows the so-called ‘Bolomey compressive
strengths-Bolomey Cs’ obtained. In this table, Bolomey’s ‘apparent’ compressive strengths
and ‘apparent’ coefficients of the additive correspond to values calculated without cor-
recting for the secondary effect of air entrainment caused by glass dust. Bolomey’s ‘real’
compressive strengths and ‘real’ coefficients of the additive indicate values calculated after
correcting for this effect.

Table 6. Results of Bolomey’s ‘apparent’ and ‘real’ compressive strengths.

Bolomey Compressive Strengths (MPa) Control G15 G30 G45 G60 G80

Cs 28 (Bolomey) apparent (k = 0) 34.5 23.7 14.9 8.1 0 /
Cs 28 (Bolomey) real (k = 0) 34.5 25.7 18.1 10.6 3.0 /

Coefficient considering the apparent k addition at 28 days / 1.01 0.57 0.59 0.36 0.35
Coefficient considering the real k addition at 28 days / 0.67 0.30 0.42 0.20 0.24

Compressive strengths and coefficients considering the addition
Cs 90 (Bolomey) apparent (k = 0) 39.6 27.2 17.1 9.3 0 /

Cs 90 (Bolomey) real (k = 0) 39.6 29.5 20.8 12.2 3.4 /
Coefficient considering the apparent k addition at 90 days / 0.5 0.71 0.63 0.20 0.25

Coefficient considering the real k addition at 90 days / 0.20 0.42 0.45 0.15 0.34

Figure 7 shows the evolution over time of the compressive strengths of the concrete
specimens, at a test age of 28 days, compared to Bolomey’s ‘apparent’ and ‘real’ compressive
strengths. As can be seen, the use of glass powder in the binder increased the compressive
strengths of concrete in the long term, increasing their values slightly between 28 and 90
days. It seems that the particle size of glass powder was one important factor responsible
for the increased reactivity in the long term [38].

Figure 8 shows the evolution over time of the compressive strengths of the concrete
specimens, at a test age of 90 days, compared to Bolomey’s ‘apparent’ and ‘real’ compressive
strengths.

The differences between the ‘apparent’ and ‘real’ Bolomey compressive strengths
(Figures 7 and 8) were due to the effect of air entrainment caused by glass powder. It is
observed that the compressive strengths of concretes containing glass powder were clearly
greater than those so-called Bolomey ones, whatever the amount of glass powder that
the binder contained. It can be concluded, therefore, that glass dust exerted an important
activity in increasing the long-term compressive strength of concretes. This activity can be
represented by a coefficient k, at 28 and 90 days, shown in Figures 9 and 10, which present
the evolution of the value of ‘k apparent’ and ‘k real’ depending on the amount of glass
powder contained in the binder, respectively.
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Figure 7. Compressive strength, Cs, 28 days after setting, with regard to the amount of glass powder
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corresponding ones. The determination coefficients of the linear fittings are R2 = 0.988 (CS 28); R2 =
0.999 (CS apparent Bolomey); R2 = 0.993 (CS real Bolomey).

Appl. Sci. 2021, 11, x FOR PEER REVIEW 11 of 16 
 

Figure 7. Compressive strength, Cs, 28 days after setting, with regard to the amount of glass pow-
der used to replace the cement (Gp). The results are compared to the Bolomey (real and apparent) 
corresponding ones. The determination coefficients of the linear fittings are R2 = 0.988 (CS 28); R2 = 
0.999 (CS apparent Bolomey); R2 = 0.993 (CS real Bolomey). 

Figure 8 shows the evolution over time of the compressive strengths of the concrete 
specimens, at a test age of 90 days, compared to Bolomey’s ‘apparent’ and ‘real’ com-
pressive strengths. 

 

Figure 8. Compressive strength, Cs, 90 days after setting, with regard to the amount of glass pow-
der used to replace the cement (Gp). The results are compared to the Bolomey (real and apparent) 
corresponding ones. The determination coefficients of the linear fittings are R2 = 0.973 (CS 90); R2 = 
0.993 (CS apparent Bolomey); R2 = 0.999 (CS real Bolomey). 

The differences between the ‘apparent’ and ‘real’ Bolomey compressive strengths 
(Figures 7 and 8) were due to the effect of air entrainment caused by glass powder. It is 
observed that the compressive strengths of concretes containing glass powder were 

clearly greater than those so-called Bolomey ones, whatever the amount of glass powder 
that the binder contained. It can be concluded, therefore, that glass dust exerted an im-

portant activity in increasing the long-term compressive strength of concretes. This ac-
tivity can be represented by a coefficient k, at 28 and 90 days, shown in Figures 9 and 10, 

which present the evolution of the value of ‘k apparent’ and ‘k real’ depending on the 

amount of glass powder contained in the binder, respectively. 

 

Figure 8. Compressive strength, Cs, 90 days after setting, with regard to the amount of glass powder
used to replace the cement (Gp). The results are compared to the Bolomey (real and apparent)
corresponding ones. The determination coefficients of the linear fittings are R2 = 0.973 (CS 90); R2 =
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the binder (Gp).

Taking into account the precision of these measurements, two average values of ‘k’
can be obtained, one for substitutions lower than 50% of CEM I 52.5 R cement for glass
powder, and the other for substitutions higher than 50%.

In this way, it can be considered that ‘k apparent’ was equal to 0.6, for replacements of
cement for glass powder below 50%, and equal to 0.3 for those higher. Similarly, for ‘k real’
a value of 0.4 can be considered for substitutions of cement for glass powder below 50%,
and 0.3 for those higher. These results are interpreted so that if k was 0.6, for example, to
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obtain the same compressive strength in a concrete produced with 60 kg of CEM I 52.5 R
cement, it would be necessary to use 100 kg of glass powder.

By obtaining the so-called Bolomey coefficients, the percentage of cement that can
be replaced for glass powder in concrete to obtain a certain compressive strength can
be calculated. According to Figures 9 and 10, for up to 50% replacement of CEM I 52.5
R cement by glass powder, the compressive strength values of concretes are sufficiently
important to classify these concretes in the group of building concretes. It was observed that
the decrease in compressive strength occurred linearly as a function of the percentage of
glass powder in the binder. In this way, from the experimental results, taking into account
the percentage of glass powder contained in the binder and the compressive strength
obtained in the control specimen, Equation (7) has been deduced. Such an equation makes
it possible to predict the compressive strength of the concrete, at a certain setting time,
according to the amount of glass powder used to replace the CEM I 52.5 cement:

Cs = −31V + Cscem (7)

where:

V is the percentage of glass powder contained in the binder; and
Cscem is the compressive strength of the concrete whose binder is only CEM I 52.5 R.

Figure 11 shows the variation of compression strengths, for test ages of 2, 7, 28 and
90 days, of concrete manufactured with different replacement percentages of cement by
glass powder. At above 50% replacement of CEM I 52.5 R cement by glass powder, the
previous law is not applicable. The experimental values of compressive strength are lower
than those obtained by this expression. From the values obtained for compressive strength,
concretes studied can be classified in the group of concretes for paving roads and highways.
Also, a possible use of concrete with a substitution percentage of glass powder for cement
lower than 50% may be in the construction of wind farms, as a surface layer in foundations,
since it may reduce the effects caused by corrosion because it significantly reduces the
chloride ion permeability of concrete due to exposure to meteorological phenomena [25,26].
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On the other hand, concretes manufactured with a replacement percentage higher
than 50% of glass powder could be involved in the construction of park roads, especially in
those located in areas with a high ecological value. From an environmental point of view,
these concretes do not emit pollutant leachate [26] and adopt the color of the aggregate
used, thereby minimizing the visual impact caused [32].

4. Conclusions

The results obtained in the tests carried out led us to confirm the initial research
hypothesis, and the following conclusions:

On the properties of fresh concrete:

- The addition of glass powder, as a substitute for cement with particles of dimension
d50 = 16 µm, to the manufacture of the concrete, whatever its dosage, did not cause any
improvement in terms of workability. In fact, the higher the glass powder replacement
percentage, the worse the workability of the concrete;

- The air content was higher with higher substitution of cement for glass powder.
This fact increased the resistance of the concrete to the atmospheric phenomena of
freeze–thaw cycles, without the need to include additives to achieve this effect;

- Replacing cement with glass powder caused a higher air content. For this reason, the
density of the different concretes varied, decreasing when the substitution of cement
for glass powder increased; and

- The consistency tests by means of a settlement test allowed us to classify these con-
cretes within the group of fluid concretes, regardless of the dosage of glass pow-
der used.

In terms of compressive strength:

- The use of glass in the binder increased the long-term compressive strengths of con-
crete;

- The long-term compressive strengths of concretes containing glass powder were
higher than Bolomey’s ones, whatever the amount of glass powder that the binder
contained. Therefore, glass powder exerted an important activity in increasing the
long-term compressive strength of concretes. At up to 50% replacement of CEM I 52.5
R cement by glass powder, the compressive strength values obtained were important
enough to classify these concretes in the group of building concretes. At above 50%
substitution of CEM I 52.5 R cement by glass powder, the resistance values obtained
allowed these concretes to be classified in the group of concretes for paving roads
and highways;

- A mathematical model has been proposed to further analyze the experimental data.
The model has proven to simulate quite well the results, as the errors were between
0.65% and 3.21% in relation to the calculated values of the final stable value of the
compressive strength; and

- Due to all the characteristic described, this concrete is proposed as ideal as a surface
protection layer against the action of corrosion in wind turbine foundations as well
as the stabilization of the wind farm roads. The proposed use of this final waster as
a binder in ecofriendly concrete has a global impact on circular economy and may
reduce the emission of greenhouse gases, because the destiny of this waste would
be landfill.
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