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Abstract: The use of waste as supplementary cementitious materials (SCMs) in concrete is already
widespread, with glass waste being an increasingly used option. The utilization of glass waste as a
partial substitute for cement in small proportions has shown satisfactory outcomes. Nevertheless,
substituting cement in high proportions requires further investigation. Experimental research was
carried out on the mechanical and durability properties of concrete with the replacement of cement
by glass powder (GP), at a high volume equal to 50%. Binder content (cement plus GP) varied
from 300 to 500 kg/m3. The results are promising regarding the use of the high volume of GP in
high-performance concretes. The specimens with 500 kg/m3 of binder (50% of which was GP-G250)
achieved almost 55 MPa at 28 days. The specimen with the lowest resistance was G150, with 32 MPa.
This result may be related to the high pozzolanic activity index of the used GP. The specimens with
GP showed satisfactory performance regarding chloride migration, with diffusion coefficients always
below those of the reference specimens. The G250 concrete showed a reduction of 58%. Regarding
open porosity, concretes with 50% GP had a lower porosity than the reference concretes. The smallest
reduction (21%) occurred in the G150 concrete. The reduction in porosity provided by the fineness of
the GP may be the main cause of this high performance. Concerning capillary absorption, the GP
concretes have a reduction that varies between 47% for G150 and 67% for G250. This fact may be
related to the existence of a larger quantity of larger-sized capillary pores in the reference concretes.

Keywords: high-performance; concrete; glass powder; sustainability; durability

1. Introduction

Concrete has established itself over the years as a fundamental material for human
development. Due to its ease of molding, ability to create relatively complex structures at
low cost using readily available materials, simple production processes, and low mainte-
nance requirements, as well as its high durability, concrete has become the most widely
consumed manufactured material on the planet. Approximately 14 billion cubic meters
of concrete are used each year, and this number is expected to increase by 12% to 23% by
2050 [1].

The production of cement, the key binder in concrete, accounts for approximately 7% of
global CO2 emissions [2], making it a priority target for actions to reduce global emissions.

The increasing demand for new construction puts pressure on existing non-renewable
natural resources. These resources are not infinite, and sustainable consumption is neces-
sary to ensure that future generations will have access to them.

Within the scientific community there has been significant investment in the search for
alternative materials to partially replace cement in concrete production [3–8]. On the other
hand, several studies have focused on the use of a wide range of materials as a replacement
or even for incorporation as aggregate [9–11], whether in an attempt to find a destination
for a waste or even in the search to improve specific characteristics of concrete or mortars.
Among the studied alternatives, many are derived from industrial or agricultural waste
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or by-products such as fly ash [12–17], silica fume [18], blast furnace slag [19], rice husk
ash [20], sludge from the cutting of ornamental rocks [21–23], coal bottom ash [24], and
ceramic waste [25].

Many of these materials have little or no significant value and are often considered
a problem in waste management, leading to various inconveniences in landfills. There-
fore, enabling the reuse of these waste materials as inputs holds special value as it pro-
motes a circular economy, helps reduce emissions, and contributes to a more sustainable
production cycle.

Glass is one of the most versatile materials. Glass packaging is an inorganic, homo-
geneous, and inert product resulting from the fusion, at approximately 1600 ◦C, of its
raw materials: silica (sand), calcium oxide (lime), sodium carbonate, vitrifying agents,
fluxes, stabilizers, cullet (recycled glass), and other secondary components [26]. More than
23.4 million tons of glass were produced for the European and global markets in 2021 [27].
It is expected that total glass production will increase due to industrialization and the
growing substitution of plastic packaging with glass.

The total amount of glass waste (all types) in the EU in 2020 was 17,830,000 tons [28].
In Portugal, in 2021, 410,243 tons of waste from glass packaging were accounted for, with
only 50% being recycled [28]. The remaining balance poses a significant management
problem for landfills in large cities, as glass is non-biodegradable. While this is detrimental,
it can be understood that if properly managed, it can become a great benefit since glass is
100% recyclable.

Although a significant portion of glass is recycled in the production of new glass
when glass waste is not suitable for recycling, the material can be ground and used for
other purposes, and that is where it becomes interesting for the construction industry.
The use of glass powder derived from glass containers, incorporated into concrete as
a partial substitute for cement, has shown promising potential. It is an abundant and
inexpensive waste material that is easy to transform into an input, meeting the requirements
for cement replacement not only in terms of mechanical demands [29–31] but also in
terms of durability [32]. Moreover, it is an environmentally appealing solution to reduce
landfill volume, contributing to the reduction in global emissions, and preserving natural
resources [30,31].

Recycled glass derived from containers has been used both as fine aggregate in
concrete [32] and as supplementary cementitious materials (SCMs) [33–38] due to its
amorphous nature and high silica content.

Studies also show that when glass waste is used as finely ground powder [39], the
fine glass particles behave as a pozzolanic material [40], reacting with cement hydrates to
form secondary calcium silicate hydrate (C-S-H), enhancing the long-term strength and
durability of concrete [41].

The particle size of glass is, therefore, a key factor for its use as a substitute for
cement [42]. Particles below 75 µm are potentially favorable for pozzolanic reactions [43–46].
ASTM C1866 [47] recommends that the particle size be below 45 µm.

Mechanical strength is a crucial property when considering the structural use of
concrete. Shao et al. [29] measured the mechanical strength of a soda–lime glass as an
additive using three different glass powders (maximum particle sizes of 150, 75, and
38 µm). Compressive strength tests were conducted on concrete samples with 30% volume
substitution of cement with glass powder to study the development of strength in concrete
containing glass at early and late ages. The results indicated that the mixture containing
38 µm glass powder performed the best, surpassing the reference strength at 90 days. It
was also evident that glass demonstrated an increase in strength at later ages, indicating a
slower pozzolanic behavior.

Shayan & Xu [32] investigated the use of glass waste and the effect of glass powder as
a cement replacement material at 20–30% weight content and as a natural sand replacement,
at 40–75% content in concretes, with a water/cement ratio of 0.49. The glass powder used
had an average particle size of 10 µm. It was concluded that 30% glass powder could
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be incorporated as a cement or aggregate replacement in concrete without any long-term
detrimental effects.

Aliabdo et al. [45] conducted a series of studies using glass powder derived from
grinding glass packaging. Several types of concrete were produced using glass powder
as a cement substitute or as an addition. The incorporations were conducted at weight
percentages of 5, 10, 15, 20, and 25%, with two binder dosages (350 and 450 kg/m3) and
water-to-binder ratios of 0.50 and 0.35, respectively. The glass powder had particles finer
than 75 µm. Tests conducted at 7, 28, and 56 days demonstrated that the compressive
strength increased up to a certain substitution dosage but decreased for higher substitution
percentages. The use of 5.0% glass powder as a cement substitute slightly improved the
compressive strength. This behavior was consistent across different test ages. Furthermore,
the use of a glass powder percentage higher than 10% had a negative effect on the compres-
sive strength of the concrete. This could be due to the lower content of Portland cement at
higher substitution levels.

Du and Tan [48], using a water-to-binder ratio of 0.485, studied the effect of compres-
sive strength on concrete made with glass powder as a cement replacement at 15%, 30%,
45%, and 60% by weight of the total cementitious materials. Both cement and glass powder
showed the same median particle size of around 10 µm. The results indicate that with a
longer curing age (28 and 90 days), the compressive strength continuously increases with
the glass powder replacement level up to 45%, and the concrete mixture with 60% glass
powder exhibits a comparable strength to the reference mixture.

Ozer Zeybek et al. [35] studied the effect of waste glass on the mechanical properties
of concrete with waste glass powder, as a partial replacement for cement with 0%, 10%,
20%, 30%, 40%, and 50%. They conducted a series of compressive strength, splitting
tensile strength, and flexural strength tests. At 28 days, with 0.5 w/b, WGP particle size
(0.1–0.2 mm), and using a CEM I 32.5, they found reductions by 3%, 6%, 13%, 23%, and
37%, respectively. The authors observed a 38% reduction in flexural strength. In this study,
among the literature presented are the works of Kalakada et al. [49], with a 65% reduction
in compressive strength for concrete with 50% of WGP, and of Abdulazeez et al. [50] who
showed that a 20% addition of the waste glass leads to a 36% reduction in the splitting
tensile strength and with the addition of 50% glass powder.

Amin et al. [51] studied a UHPC by utilizing GW as a cement substitute with rates
of 0%, 10%, 20%, 30%, 40%, and 50% and as a substitute for the fine aggregate, with
substitution ratios of 0%, 50%, and 100%. The cement content varied between 500 and
1000 kg/m3. The GW particle size was under 75 µm. Using superplasticizer, fume silica,
steel fiber, and a low w/b ratio, they noted that the compressive strength values increased
up to a certain level, i.e., a 20% replacement ratio of PC with GP, which is thus considered
the optimum ratio to achieve the best compressive strength results. After this level, it
decreased. According to the authors, one of the factors that justify the results is the fineness
of the glass powder, which favors pozzolanic reactions. For all investigated mixtures of
UHPC, the maximum obtained values for compressive strength, splitting tensile strength,
flexural strength, and modulus of elasticity at 28 days were 176.3 MPa, 18 MPa, 25.7 MPa,
and 57.82 GPa, respectively, when there was 20% replacement of PC with GP.

Some authors report a reduction and others an increase in resistance [52]. However,
understanding the conditions under which these results occurred is perhaps the most
important part of the analysis. Furthermore, the statement that it decreases or increases
cannot ignore the use for which the concrete is intended. A reduction in strength does not
always mean the concrete is bad. Maybe it can limit a certain use, but it can be useful for
another purpose.

Compressive strength is undoubtedly the main characteristic to be evaluated in con-
crete. However, considerations regarding durability have also become highly relevant in
determining the quality of concrete. Therefore, it is essential to study issues related to
durability as well. Thus, an overview of previous experimental studies on water absorp-
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tion, capillary suction, and chloride ingress on cement-based materials incorporating glass
powder as an SCM is discussed here.

Kamali et al. [53] determined the non-stationary chloride migration coefficient, ob-
tained from the rapid migration test, for concrete with 5, 10, 15, and 20% replacement by
glass powder at 28, 56, and 91 days of curing. The water/binder ratio was 0.5. The median
particle size was close to 8.4 µm. The conclusion was that glass powder exhibited lower
migration coefficients than the control concrete at all ages, except for the concrete with
10% glass powder at 28 days of curing, and the reduction in chloride permeability values
increased with increasing replacement levels of cement with glass powders. It is believed
that the increased compactness of concretes made with glass powder residue makes the
mixture more resistant to chlorides due to better particle packing, and a reduction in the
porosity and permeability of the concrete. Chloride permeability values are directly related
to the electrical conductivity of concrete, and as such, depend on pore solution [54].

Matos et al. [55] studied crushed waste glass used in mortar as a partial weight cement
replacement (0%, 10%, and 20%) material to ascertain applicability in concrete. Absorption
by capillarity proved to be similar for crushed waste glass and the control mortar. This
situation may be explained by the similar fineness of both crushed waste glass and cement.
The CTH rapid method results show that using crushed waste glass as a partial cement
replacement drastically enhances resistance to chloride penetration compared to the control
mortar, especially for the 20% replacement dosage.

Previous research also indicated that capillary pores were reduced with glass pow-
der incorporation due to the additional calcium silicate hydrate (C-S-H) gel generated,
providing a denser microstructure [8].

Glass powder incorporation also showed increased chloride ion penetration resistance
in concrete specimens [56,57]. A significant reduction in water absorption due to the
reduced volume of voids was observed when glass powder was used as a partial cement
replacement in recycled concrete aggregate [8]. Increasing the glass powder dosage as a
cement replacement by up to 20% reduced the water absorption in concrete specimens [58].

There is a trend towards using glass powder in concrete mixtures in the range of 10%
to 30% due to the demonstrated benefits being better within this interval. However, there
is not as much available information for higher incorporation rates, especially when using
water reducers in the mixture. Many studies have focused on finding the optimal dosage
that maximizes the effects of glass powder incorporation. However, in 2019, 86% of the
concrete produced in Europe was of class C30/C37 or lower [59]. Therefore, the concrete
that achieves around 35 MPa to 40 MPa of average strength in standard cubic specimens
should be viable for most usual applications.

In this sense, an experimental research campaign was carried out to produce high-
performance sustainable concrete, reducing the percentage of cement in its composition
without compromising its compressive strength and durability for usual applications. To
reach this goal, a reference mixture was defined with the use of 300 kg/m3 of cement
content as a control. A high glass powder incorporation rate was established as a replace-
ment for cement (50%), with the aim to evaluate the reduction in cement content to 150,
200, and 250 kg. A high replacement percentage (50%) was defined to evaluate relevant
reductions in cement content; in this case, the intention was to evaluate compositions for
every 50 kg reduction in cement content. With this action it would be possible to study
various possibilities for applying concrete, as we understand that the requirements must
be compatible with the needs. In other words, the determination of the composition must
meet the normative requirements; however, the efficiency and rational use of the material
require that the solution is proportionate to the need. Exaggerations lead to waste, which is
not sustainable. The expected result is that the introduction of glass powder will lead to
a reduction in the water requirement of the mixture and an enhancement of the chemical
bonds between the compounds, improving overall performance and enabling the produc-
tion of high-performance concrete with low cement consumption while also improving
its durability.
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2. Research Significance and Limitations

The existing literature focuses on determining an ideal incorporation percentage for
GP. Our focus was to advance on large incorporations, which in terms of GP, has not yet
been fully studied. There are many papers with large incorporations of fly ash, but with
GP, there is still a lot to be studied. Our focus was to evaluate GP as an SCM, seeking
to reduce the cement content as much as possible and evaluating the extent to which the
impact produced would affect its use. When studying dosages with reductions every 50 kg
in cement dosage, our interest was to demonstrate the feasibility of use in various concrete
applications. To avoid waste, the concrete dosage must consider regulatory requirements
but must be proportional to the requirements.

It is important to clarify that, at this research stage, the focus lies on the mechanical
and durability aspects of the developed material. However, evaluating the sustainability
of the process through life cycle analysis and studying economic impact are aspects that
should be considered in an informed decision-making process.

3. Materials

Concrete specimens were produced using fine and coarse aggregate, cement, glass
powder, water, and superplasticizer. The fine aggregate, silica sand (0/4), is monogranular,
with a maximum diameter of 4 mm, a fineness modulus of 2.10, and a bulk density of
2620 kg/m3. The coarse aggregate used was crushed stone (4/10) with a maximum
diameter of 16 mm, a fineness modulus of 8.08, and a bulk density of 2197 kg/m3. Cement
with a composition of 95% clinker (CEM I 42.5 R) was used. The choice of a non-blended
cement was crucial to ensure that the results obtained were not distorted by any potential
influence of added materials in its composition. The superplasticizer used was, Masters
Builders Solutions, Basf’s MasterGlenium Sky 617, Madrid, Spain with a relative density of
1041 g/cm3 and a solid content of 20%. The GP was obtained from recycled glasses. They
were ground until reaching a similar diameter to cement in order to avoid the alkali–silica
reaction (ASR), as previous research indicates that ASR does not occur when glass powder
particle size is lower than 75 µm [32,55,60]. The average diameter of the obtained glass
powder was 26 µm, with a bulk density of 2604 kg/m3 and a specific surface area of
493 m2/kg.

3.1. Obtaining Glass Powder

The glass was collected in the city of Guimarães, Portugal, and subjected to a cleaning
and decontamination process. Then it was ground under laboratory conditions to achieve
the desired particle size distribution. A soda–lime glass of green color was adopted
considering previous research [61]. Figure 1 summarizes the process to obtain the GP used.

A. Cleaning and decontamination: The bottles were submerged in water for 48 h to
facilitate the removal of gross dirt (caps, corks, and beverage residue), labels, and
excess glue. Then, the bottles were brushed inside and outside under running water.

B. Drying: The bottles were placed in a ventilated oven for one hour at a controlled
temperature of 105 ± 1 ◦C.

C. Production of glass shards: The bottles were manually broken, generating glass
shards (size about 50 mm).

D. Primary grinding: The shards were introduced into a jaw crusher, undergoing two
passes (2 cycles), lasting about 5 min.

E. The by-product (a), after the cycles in step D, was large glass shards (size about
10 mm).

F. Intermediate grinding: The grains obtained in step E were inserted into a hammer
mill, again undergoing two passes in the equipment, lasting about 5 min.

G. The by-product (b), after the cycles in step F, was fine glass shards (size about 1 mm).
H. Final grinding: To reduce the grain size, the material was introduced, in portions of

5 kg, into a metallic ball mill or “Los Angeles” mill, where it remained for 40 cycles
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of 15 min each, totaling 10 h of grinding (33 rpm), with an abrasive mass of 8.410 kg.
The final product obtained was the GP used in concrete compositions.

I. Glass powder used in concretes.
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Figure 1. Process of obtaining glass powder.

The process of transforming the waste into glass powder was carried out using the
equipment and conditions existing in the laboratory. This caveat is important because in
industrial conditions, it would probably be possible to optimize this process, which would
significantly modify a cost and life cycle analysis, which must be evaluated locally, case
by case.

3.2. Materials’ Characterization

The materials used in the campaign were characterized according to the following items.

3.2.1. Chemical Composition of the Binders

The chemical compositions of the cement and GGW, obtained through X-ray fluores-
cence (Hitachi—EA1000VX, Tokyo, Japan), are shown in Table 1. It is possible to observe
that the soda–lime-type glass used has a predominance of silica (69.2%), sodium oxide
(13.4%), and calcium oxide (11.8%).

For the standard specification for ground glass pozzolan for use in concrete, ASTM
C1866 [47] specifies that the minimum SiO2 content should be above 60% and that the
concentration of Na2O should be a maximum of 15% to pozzolanic materials. Therefore, it
can be verified that the glass powder used meets these requirements, as it has 69.2% SiO2
and 13.4% Na2O. In the evaluation of the chemical composition, a slightly higher Fe2O3
content (1.3%) is observed compared to the limit indicated in this standard, which is 1.0%.
It is believed that this is mainly due to the addition of iron oxide in the manufacturing
of the bottles to achieve the green color in the glass, and this fact does not significantly
influence the results.
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Table 1. Chemical composition of cement and GP.

Material CEM I 42.5 R GP

CaO 62.77 11.80

Fe2O3 3.06 1.30

SiO2 20.25 69.20

Al2O3 4.43 2.30

MnO - 0.10

MgO 2.01 1.00

SO3 3.11 -

TiO2 -

K2O 0.76 0.90

Na2O 0.25 13.40

Balance to 100% (Others) 3.36 -

LOI 2.74 -

RI 1.23 -

3.2.2. Specific Surface Area/Bulk Density

Considering the importance of material fineness in determining its pozzolanic effects,
the Blaine specific surface area, NP EN 196-6 [62], and bulk density, EN 1097-6 [63], of the
cement and GP were determined, Table 2.

Table 2. Specific surface and density of binder and aggregates.

Material Blaine Specific Surface
Se (m2/kg)

Density
ρ (kg/m3)

CEM I 42.5 R 599s 3.142

GP 493 2.604

Fine aggregate (sand) - 2620

Coarse aggregate (gravel) - 2.197

The Blaine specific surface area (Se) correlates the surface (area) of a particle with its
volume (size). The Se of the glass powder is 493 m2/kg. Despite being a value lower than
that of cement, 599 m2/kg, it indicates a relatively high surface area, which can contribute
to its reactivity when incorporated into cementitious composites.

The bulk density (ρ) of the glass powder, 2.604 kg/m3, is lower than cement,
3.142 kg/m3. This value represents the mass of the glass powder per unit volume and
provides an indication of its compactness and flowability. These measurements help to
assess the physical properties of the glass powder and its suitability for use in concrete and
mortar applications.

In all laboratory tests, natural siliceous sand was used (fine aggregate), with a maxi-
mum diameter of 4 mm and density of 2620 kg/m3, Figure 2, with the granulometric curve
shown in item 3.2.3. The sand was supplied by the company Extractopuro Lda, originating
in Santa Iria da Ribeira de Santarém, Portugal, commercial name 0/4.

As coarse aggregate (gravel), 4/10 granite crushed stone, Figure 3, was used, with
a maximum diameter of 10 mm and density of 2197 kg/m3, supplied by the company
Bezerras Lda, Santa Maria de Airão, Guimarães, Portugal, with the granulometric curve
shown in item 3.2.3.
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3.2.3. Particle Size

The occurrence of alkali–silica is one of the major concerns in the application of GP.
However, the accepted conclusion is that the size of the glass particle used is decisive to
avoid this harmful reaction. Particles below 75 um prevent the alkali–silica reaction from
being triggered. Some authors [55,60], when studying glass as an aggregate in concrete
and mortars, came to the conclusion that coarse particles would be harmful to the mixture.
This is one of the reasons why we try to use GP as the SCM and with a granulometry close
to cement.

The particle size distribution of cement and glass powder was determined using the
laser diffraction method (Malvern Instruments, Malvern, UK, Mastersizer 3000 equipment),
Figure 4b. Through this test it is possible to determine the diameters D10, D50, and D90,
which are values corresponding to particle sizes below the evaluated percentages (10%,
50%, and 90%), respectively. The particle size distribution of the aggregates was determined
by sieving, Figure 4a. The grinding of the glass was conducted in such a way as to produce
a powder with an average particle size (D50) close to that of the cement. Table 3 shows the
results of diameters D10, D50, and D90, obtained at the end of the grinding process.

Table 3. Diameter characteristics of cement and GP (µm).

Material D10 D50 D90

CEM I 42.5R 4.68 21.90 54.60

GP 4.57 26.00 106.00

The ASTM C1866 standard [47] specifies that a maximum of 5% should be retained
on a 45 µm sieve during the particle size analysis. The GP used has a significantly smaller
grain size, closely resembling the grain size of the cement used, as can be seen in Figure 5.
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3.2.4. Glass Powder Activity Index

The GP used was subjected to compression testing in mortars at the ages of 28 and
90 days, with a partial replacement of 25% of the cement by glass powder, as recommended
by the EN 450-1 standard [64], to determine its pozzolanic activity index. The results
obtained, 71.8% at 28 days and 85.1% at 90 days [65], met the minimum requirement of 70%
at 28 days and 80% at 90 days, indicating the pozzolanic activity of the glass powder used.

3.2.5. Glass Powder Morphology

Scanning electron microscope (SEM—Hitachi SU1510, Tokyo, Japan) analysis was
performed on the GP. In a second phase of this campaign, to be carried out soon, samples
of G150, G200, and G250 concrete will be evaluated. SEM analysis was carried out to show
the typical morphology of the surface of the GP. The particles of the GP are composed of
glassy structures and irregular shapes with sharp edges, as shown in Figure 6a (×500) and
Figure 6b (×1000).

Figure 7 shows the X-ray diffraction (XRD) pattern of glass powder.



CivilEng 2024, 5 50

CivilEng 2023, 4, FOR PEER REVIEW  10 
 

 

3.2.5. Glass Powder Morphology 

Scanning electron microscope  (SEM—Hitachi SU1510, Tokyo,  Japan) analysis was 

performed on the GP. In a second phase of this campaign, to be carried out soon, samples 

of G150, G200, and G250 concrete will be evaluated. SEM analysis was carried out to show 

the typical morphology of the surface of the GP. The particles of the GP are composed of 

glassy structures and irregular shapes with sharp edges, as shown in Figure 6a (×500) and 

6b (×1000). 

Figure 7 shows the X-ray diffraction (XRD) pattern of glass powder. 

 

Figure 6. Scanning electron microscopy (a) (×500) and (b) (×1000) of GP. 

 

Figure 7. XRD of GP. 

4. Specimens and Test Methods 

Concrete specimens, cylindrical and cubic, were produced to carry out the mechani-

cal and durability tests. The concrete mixtures were prepared according to Table 4. The 

reference mix “C300” was prepared without additions, with a binder content of 300 kg/m3. 

It was defined with  the  aim  of  representing  a  common  concrete, with  a  resistance  of 

around 35 MPa (class C30/37). The other mixtures (G150, G200, and G250) were produced 

with a partial replacement of 50% of the volume of cement by glass powder. The difference 

between them was the binder dosage, which was 300, 400, or 500 kg/m3 respectively. These 

Figure 6. Scanning electron microscopy (a) (×500) and (b) (×1000) of GP.

CivilEng 2023, 4, FOR PEER REVIEW  10 
 

 

3.2.5. Glass Powder Morphology 

Scanning electron microscope  (SEM—Hitachi SU1510, Tokyo,  Japan) analysis was 

performed on the GP. In a second phase of this campaign, to be carried out soon, samples 

of G150, G200, and G250 concrete will be evaluated. SEM analysis was carried out to show 

the typical morphology of the surface of the GP. The particles of the GP are composed of 

glassy structures and irregular shapes with sharp edges, as shown in Figure 6a (×500) and 

6b (×1000). 

Figure 7 shows the X-ray diffraction (XRD) pattern of glass powder. 

 

Figure 6. Scanning electron microscopy (a) (×500) and (b) (×1000) of GP. 

 

Figure 7. XRD of GP. 

4. Specimens and Test Methods 

Concrete specimens, cylindrical and cubic, were produced to carry out the mechani-

cal and durability tests. The concrete mixtures were prepared according to Table 4. The 

reference mix “C300” was prepared without additions, with a binder content of 300 kg/m3. 

It was defined with  the  aim  of  representing  a  common  concrete, with  a  resistance  of 

around 35 MPa (class C30/37). The other mixtures (G150, G200, and G250) were produced 

with a partial replacement of 50% of the volume of cement by glass powder. The difference 

between them was the binder dosage, which was 300, 400, or 500 kg/m3 respectively. These 

Figure 7. XRD of GP.

4. Specimens and Test Methods

Concrete specimens, cylindrical and cubic, were produced to carry out the mechanical
and durability tests. The concrete mixtures were prepared according to Table 4. The
reference mix “C300” was prepared without additions, with a binder content of 300 kg/m3.
It was defined with the aim of representing a common concrete, with a resistance of around
35 MPa (class C30/37). The other mixtures (G150, G200, and G250) were produced with
a partial replacement of 50% of the volume of cement by glass powder. The difference
between them was the binder dosage, which was 300, 400, or 500 kg/m3 respectively. These
dosages were established to provide reductions of 50 kg of cement between each one. To
calculate the weight of the GP, the calculation was made considering the difference in the
density of the GP and the cement. Therefore, 124.26 kg of GP occupied the same volume as
150 kg of cement (G150), 165.74 kg of glass powder occupied the same volume as 200 kg
of cement (G200), and 207.23 kg of glass powder occupied the same volume as 250 kg of
cement (G250).
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Table 4. Mix proportion of concrete (kg/m3).

Specimens Binder Cement % * GP Fine
Aggregate

Coarse
Aggregate SP Water w/b Ratio

C300 300 300.00 0% 0.00 511.06 1087.66 0.00 206.38 0.65

G150 300 150.00 50% 124.26 580.21 1158.51 5.53 145.32 0.50

G200 400 200.00 50% 165.74 466.60 1134.68 7.23 151.70 0.40

G250 500 250.00 50% 207.23 371.70 1125.11 9.15 162.77 0.35

* % substitution of cement by GP.

The mixing, molding, and curing procedures were strictly the same for all mixtures,
as shown in Figures 8 and 9. Immediately after mixing (Figure 8b—first stage, only
aggregates; Figure 8c—second stage, add cement; Figure 8d—third stage, add GP), the
specimens were molded using standardized metal molds, (Figure 9a) and after, they
were immediately covered with plastic film, which remained in place for 24 h. The next
step involved demolding, identifying the specimens, and initiating the curing process
underwater, Figure 9c, at 21 ◦C for the specified ages (7, 14, and 28 days). After curing
periods, the tests shown in Table 5 were carried out. Figure 10 presents a flowchart of the
GP–concrete experimental program over time.
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Figure 9. Molding (a), compaction (b), and curing (c).

Table 5. Tests’ summary.

Property Test Standard Samples’ Geometry
(mm) Unit per Age Testing Ages (Days)

Compressive strength EN 12390-3 [37] Cube—100 × 100 × 100 3 7,14, and 28

Water absorption by
immersion LNEC E394 [38] Cube—100 × 100 × 100 3 28

Capillary absorption LNEC E393 [39] Cube—100 × 100 × 100 3 28

Chloride diffusion LNEC E463 [40] Cylinder—H200D100 2 28

4.1. Mechanical Resistance

In the first stage of this study, we will focus only on mechanical resistance. If satisfac-
tory results are obtained, other tests will be conducted in a new campaign such as: splitting
tensile strength and flexural tensile strength.
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Compressive Strength Test

The compressive strength test was performed according to EN 12390-3 [66] using an
ELE International, Carter Lanes, Klin Farm, Milton Keynes, UK, Testing Machine with
110 kN capacity, Figure 11. The hydraulic press was set to apply 7 kN per s.
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4.2. Durability Indicator Tests

Indicators are fundamental for analyzing the behavior of a material. Initially, open
porosity, capillarity, and chloride action are studied here. In a future campaign, tests such
as carbonation and resistivity will be evaluated.

4.2.1. Water Absorption by Immersion (Open Porosity)

The water absorption test was performed based on the LNEC E394 standard [67]. The
specimens were kept in a drying oven at 105 ◦C until constant mass was achieved. Then
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the specimens were weighed (dry weight—W1). Afterwards, specimens were immersed in
water, 1/3 per hour (Figure 12). The weights were then measured at 24 h intervals until
constant mass was achieved, between two measurements, determining the wet weight (W2)
and hydrostatic weight (W3). Water absorption was determined by using Equation (1).

Water absorption (%) =
(W2 − W1)
(W2 − W3)

(1)
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4.2.2. Capillary Absorption

The capillary absorption test was performed based on the LNEC E393 standard [68].
The specimens were kept in a drying oven at 105 ◦C until they reached constant mass,
Figure 13. Afterwards, 25 mm from the bottom of the cube surfaces of specimens was sealed
using a silicone sealant gel, to ensure a uniform water entrance by capillarity allowing only
a one-dimensional flow from the bottom surface. The initial weight of the test specimen
was then determined. Shortly after, the specimens were placed in a container with water
until approximately 5 ± 1 mm of bottom. The specimens were weighed at 0, 10, 20, 30, and
60 min, and then at each hour up to six hours, and finally, at every 24 h up to the point
they reached constant mass. Capillary absorption at time t was calculated by dividing the
increase in mass by the area of the lower face of the specimen that was in contact with
water, according to Equation (2).

Capillary absorption =
M final − M initial

face area
(2)
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4.2.3. Diffusion Coefficient of Chlorides

The determination of chloride penetration resistance followed the LNEC E463
specification [69]. In this test, the passage of electrical current through a circular slice
of concrete is measured under an electrical potential. The concrete slice, 50 mm thick, is
cut from a cylinder or core, identified, and placed in the chamber for saturation under a
vacuum with the saturated CH solution, Figure 14a, for the time established in the spec-
ification. It is then placed as a membrane between two liquid cells. The lateral face of
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the test piece is protected to allow only the lower and upper faces to be in contact with
the cathodic and anodic solutions. One cell contains 0.3 M NaOH and the other 3% NaCl,
Figure 14b. After completing the established time with the application of electrical potential,
the specimens are divided axially and a 0.1 M solution of silver nitrate (AgNO3) is sprayed
on the divided surfaces, Figure 14c. Silver nitrate reacts with chloride to form a white silver
chloride precipitate (AgCl) on the surface of split samples, which can be used to evaluate
the depth of chloride penetration. When the white precipitate of silver chloride became
visible, the depth of penetration was measured every 10 mm, from the center to the edges,
until seven measurements were obtained. The non-steady state migration coefficients were
then calculated, according to Equation (3).

D =
0.0239 (273 + T)L

(U − 2)t
× (Xd−0.0238)

√
(273 + T)LXd

U − 2
(3)

where:
D = the diffusion coefficient in the non-steady state, ×10−12 (m2/s).
U = the absolute value of the applied voltage (V).
T = the average value of the initial and final temperatures in the anodic solution (◦C).
L = the thickness of the specimen (mm).
Xd = the average value of the depth of penetration (mm).
t = the duration of the test, in hours.

 

 
 

 

 
CivilEng 2023, 4, Firstpage–Lastpage. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/civileng 

  

Figure 8. Concrete GP procedure (a) scale, (b) aggregate mix, (c) cement mix, (d) GP mix. 

 

 

  

Figure 14. Diffusion coefficient of chlorides’ setup—(a) vacuum chamber, (b) test being carried out, 

and (c) measurement of results. 

Commented [OJ1]: We don't have any better 

quality images. However, the numbers that 

appear on the images are just temporary markings 

to identify the specimens. There is no relevant 

information in these numbers. 

Commented [OJ2]: We don't have any better 

quality images. However, the numbers that 

appear on the images are just temporary markings 

to identify the specimens. There is no relevant 

information in these numbers. 

Figure 14. Diffusion coefficient of chlorides’ setup—(a) vacuum chamber, (b) test being carried out,
and (c) measurement of results.

5. Test Results and Discussion
5.1. Mechanical Resistance
Compressive Strength

Figure 15 presents an example of the typical rupture that occurred in concrete speci-
mens containing GP.

The development of compressive strength over time, from 7 days to 28 days, is
presented in Figure 16, for all studied mixtures. The results shown correspond to the
average of three samples studied and their standard deviation.

Figure 16 clearly shows an increase in compressive strength values with the progres-
sion of the curing period. This increase is more pronounced for concretes with 50% GP
compared to the reference concrete during the studied period. The main cause is associated
with the development of pozzolanic reactions that are characteristic of concretes contain-
ing an SCM. Between 7 and 28 days, there is an increase in compressive strength of only
5.81 MPa (19,37%) for the reference concrete without an SCM (C300), while the increase
in concretes with 50% GP is 11.62 MPa (56.76%) at G150, 10.97 MPa (33.75%) at G200, and
14.23 MPa (35.16%) at G250. These differences are expected to be more pronounced at
90 days. This occurs mainly because pozzolanic reactions occur later and are more pro-
longed in concretes with the addition of glass powder.
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Figure 16. Compressive strength from 7 to 28 days of specimens.

Using a water-to-binder ratio of 0.485, Du et al. [48] studied the effect of compressive
strength on concrete made with glass powder as a cement replacement at 15%, 30%, 45%,
and 60% by weight of the total cementitious materials. The mean diameter of the glass
particles was 10 µm. The binder dosages used were the same as those we used. Despite the
differences in the size of the glass powder particle and the higher water-binding ratio, the
results obtained by the authors show a trend similar to ours. Despite having concluded in
their studies that 30% incorporation is more resistant than the reference mixture, the fact
that calls our attention is that even with 60% incorporation, the results are still relevant.
Even with high incorporations it is possible to obtain concrete with interesting resistance.
With 60% replacement, the authors obtained concrete with almost 40 MPa after 28 days,
with only 152 kg/m3 of cement.

Deep Paul et al. [70] obtained 48.15 MPa of compressive strength at 28 days, for
concrete with 40% replacement, A/L = 0.40, and a dosage of 368.8 kg/m3 of binder or
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221.28 kg/m3 of cement. According to the authors, these results can be attributed to the
additional formation of hydrated calcium silicate (C-S-H) from the GP pozzolanic reaction.
The C-S-H gel strengthens the interface in the transition zone, increasing resistance.

As previously mentioned, the intention of this study was not to determine the optimal
level of glass powder incorporation but rather to demonstrate the feasibility of producing
concretes with high incorporations (50%) and a significant reduction in cement consump-
tion, resulting in concretes with an average compressive strength of around 35 MPa without
compromising durability. From this perspective, the most striking result was obtained
with G150. With a very low cement dosage of only 150 kg/m3, it was possible to achieve
32.09 MPa at 28 days, and this number is expected to increase significantly because when
glass powder is used, pozzolanic reactions occur more slowly, suggesting that even better
results will be obtained at later ages. Concretes with smaller reductions in cement con-
sumption (G250—50 kg/m3 less and G200—100 kg/m3 less) showed encouraging results
as they achieved strengths of 54.74 and 43.47 MPa, respectively, at 28 days. These strengths
make these concretes suitable for use in most current construction projects.

5.2. Durability Indicator Tests
5.2.1. Absorption of Water by Immersion (Open Porosity)

Figure 17 shows the water absorption by immersion results from the concrete studied
(Table 4). The results correspond to the medium values of the three specimens tested.
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Figure 17. Water absorption by immersion of tested specimens.

Observing Figure 17, concretes with 50% substitution of cement by GP show better
performance in terms of water absorption by immersion compared to the reference concrete
(0% GP). This statement is true regardless of the total amount of binder (cement plus GP)
used in the mixture.

Comparing the reference concrete, C300, with its equivalent in terms of binder
(150 kg/m3 of cement plus 150 kg/m3 of GP), G150, a reduction in water absorption
of approximately 21% can be observed. Among the concretes with 50% GP, it is observed
that the higher the binder content, the greater the reduction in water absorption. The results
obtained are consistent with those found by Deep Paul et al. [70], in that the percentage of
water absorption decreases with increased glass powder content. The percentage decrease
in water absorption was 15% for concrete with glass powder incorporation of 40%. The
explanation according to the authors is that the: “decrease in porosity with the increase in
glass powder content is due to the dense porous microstructure of glass powder concretes
provided by the glass powder pozzolanic reaction”.
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Figure 17 classifies the achieved results according to the classification of the French
Association of Civil Engineering [71]. According to this classification, the concrete with
0% GP (C300) falls into the “weak” category. However, the use of 50% GP (G150) raises
the concrete’s category to “satisfactory”. As the binder content increases, the concrete’s
category increases as well, with G200 being classified as “high” and G250 being on the
borderline between “high” and “very high”.

Since the water absorption by immersion test is an indicator of the open porosity of
concrete, it can be said that concretes with 50% GP, cured for 28 days, have lower porosity
than reference concretes. The reduction in porosity is a trend already identified in concretes
with a low percentage of GP, where this reduction seems to be more pronounced. This
difference in the reduction can be related to the curing period.

Regarding the relationship between compressive strength and open porosity, for
concretes with 50% glass powder, a close relationship is confirmed. Figure 18 shows a clear
trend towards higher compressive strength results for less porous concretes. In the case
of G200 and G250 concretes, despite a small difference in porosity values (0.42%), there is
a significant difference in compressive strength values (11.27 MPa). This shows that, for
the studied case, the relationship between open porosity and compressive strength is not
linear. Moreover, it is evident that porosity alone is not a determining factor for achieving
high strength. Relevant issues such as aggregate particle size, methods and mixing [72],
and curing, among others, can exert an influence. In the case of this study, the different
w/b ratios must also be considered. The results were probably influenced by this factor.
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5.2.2. Absorption of Water through Capillarity

The kinetics of capillary absorption is presented through curves that indicate the
variation in the amount of water absorbed per unit surface area of the specimen in con-
tact with water, as a function of the square root of time. These curves are shown in
Figures 19 and 20, representing the average value of water absorption by capillarity ob-
tained for three specimens, for 22 days or 4 h, respectively.

As expected for this type of test, the observed behavior reflects a more significant
capillary absorption in the initial phase, with a steeper slope of the curve. During this
phase, water penetrates through the accessible pores with larger dimensions [73].

The reference concrete (0% GP) stands out, presenting a curve with a significantly
higher slope compared to the curves related to concretes with 50% GP. This fact may
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be related to the existence of a larger quantity of larger-sized capillary pores in the
reference concretes.
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The capillary absorption coefficients shown in Figure 20 (calculated for the first 4 h of
testing, Coutinho [73]) support this statement. The water absorption rate of concretes with
50% GP is significantly lower than the rate of the reference concrete. This reduction varies
between 47% for G150 and 67% for G250.

After the initial phase, Figure 20, the curve presented in Figure 19 acquires a slower
pace, eventually reaching a stabilization plateau that represents the filling of the capillary
network. During this phase, the finer capillary pores are filled (where absorption is slower),
as well as the pores that depend on these smaller pores for access [73]. Once again, the
reference concrete stands out, achieving the filling of the capillary network at levels close to
16 mg/mm2. In contrast, only 6.65 mg/mm2 of water is needed to fill the capillary network
in concretes with 50% GP (considering the worst-case scenario, G150). This behavior may
indicate the existence of a less interconnected and/or smaller-sized porous network in the
concretes with 50% GP compared to the reference concrete.

By measuring the capillary absorption coefficient using the time intervals proposed by
Browne [74], it is possible to qualitatively classify the concrete, as presented in Figure 21. The
results obtained demonstrate that “S” (capillary absorption coefficients) for all mixtures containing



CivilEng 2024, 5 59

glass powder is within the range relative to low absorption (under 0.1 mg/mm2 × min0.5), better
than the reference concrete, which falls within the medium class of absorption.
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The combined analysis of the results obtained from the water absorption by immersion
(Figure 17) and capillary water absorption tests (Figures 19 and 20) allows us to outline a
macrostructural profile of the porous network behavior in the studied concretes. In general,
the reference concrete exhibits higher open porosity (interconnected pores) compared to
the concretes with 50% GP. However, the most significant difference seems to lie in the pore
distribution. By observing the absorption profiles in Figure 19, a distinct behavior can be
noticed between the reference concrete and the concretes with 50% GP. The quantity of
accessible larger-sized pores is significantly higher in the reference concrete compared to the
concretes with 50% GP. This results in a notable difference in the capillary absorption rate
(Figure 21). Considering the slow pozzolanic reaction provided by an SCM, it is probable
that this difference increases at 90 days.

5.2.3. Diffusion Coefficient of Chlorides

Figure 22 shows the diffusion coefficient of chlorides results from the concrete studied
(0% and 50% GP). The results correspond to the medium value of the three specimens tested.

According to Figure 22, the influence of using GP on the chloride diffusion coefficient
is evident. There is a clear trend towards a reduction in the chloride diffusion coefficient for
concretes with 50% GP. This reduction is greater with a higher amount of binder used. The
G250 concrete shows a reduction of 58% compared to the reference concrete. It is important
to note that this concrete has only 250 kg/m3 of cement (50 kg/m3 less than the reference
concrete). Comparing concretes with the same total amount of binder (cement plus GP),
C300 and G150, the reduction in the diffusion coefficient is slight at 12%.

Those results corroborate with the results of the previous research [15,34,70]. For a
cement replacement ratio of 40% glass-powder-modified concrete, Deep Paul et al. [70]
obtained a 37.5% reduction in chloride permeability at 28 days. Du et al. [34] achieved
a reduction of 90% for chloride ion migration that occurred for concrete with 60% glass
powder as a cement replacement compared to reference specimens without glass powder.

Although, in general, the coefficient values appear high, there is a tendency for an
increase in resistance to chloride penetration with the use of GP as a partial replacement for
cement. It is expected that the values of the chloride diffusion coefficient will be significantly
lower at 90 days for concretes with 50% GP.
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The resistance to chloride ion penetration for glass powder concrete was provided by
the filling effect due to micron-sized GPs with a different PSD and thus granular packing
optimization, and pozzolanic activity, which provides extra C-S-H and further decreases
the size and connectivity of the pores.

In an attempt to relate the resistance to chloride penetration with the characteristics of
concrete, Figure 23 presents the diffusion coefficient of concretes with 50% GP as a function
of their compressive strength and open porosity.
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porosity of specimens studied.

Figure 23 shows that the concretes with higher chloride diffusion coefficients (lower
resistance to chloride penetration) are those with high porosity and low compressive
strength. Comparing the diffusion coefficient of the reference concrete, C300, with the
worst result for concretes with 50% GP, G150, it is observed that porosity has a greater
influence. In this aspect, the incorporation of GP is advantageous because the filler effect
provided by its use reduces porosity, regardless of the activity index.

When comparing only the data of concretes with 50% GP incorporation, the following
relationship is observed: a high binder content (cement plus GP), high compressive strength,
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low porosity, and low chloride diffusion coefficient. As the binder content is reduced, the
opposite relationship is observed: a low binder content, low compressive strength, high
porosity, and high chloride diffusion coefficient.

6. Conclusions

The utilization of ground glass waste (GP) to produce high-performance sustainable
concrete was experimentally studied, considering a high incorporation of GP. Concrete
was produced by replacing 50% of cement with GP with the aim of reaching a compres-
sive strength of about 35 MPa (viable for most usual applications) with a satisfactory
durability performance.

Considering the GP with a D50 equal to 26 µm, the results show satisfactory results
concerning compressive strength and durability indicators (porosity and chloride diffusion
coefficient). In addition to the granulometry of the GP, other factors are fundamental and
must be considered: the reduction in the w/b ratio, the perfect curing of the specimens, and
the mixing methods. Pozzolanic reactions combined with low porosity allow acceptable
results to be obtained, even with significant reductions in cement content.

Although in this study it is clear that compositions with higher dosages of binder have
better results, this does not always imply that weaker dosages are useless or even bad. To
avoid waste, determining the dosage must take into account the needs or the requirements
of the concrete application. This study sought to demonstrate that even at the (supposedly)
weakest dosage, it is possible to obtain quality concrete that can be useful for a multitude
of demands.

The lowest cement content studied, 150 kg/m3 cement plus 124.26 kg/m3 GP (G150),
reached 32.09 MPa at 28 days. Concretes with smaller reductions in cement consump-
tion, G250 and G200, showed encouraging results as they allowed strengths of 54.74 and
43.47 MPa, respectively, to be obtained. These strengths make these concretes suitable for
use in most current construction projects. It is important to note that compressive strength
is expected to increase at 90 days because when glass powder is used, pozzolanic reactions
occur more slowly, suggesting that even better results will be obtained at later ages.

The porosity results indicate a decrease in porosity for concretes containing 50% of
GP in comparison with the reference concrete (C300, with 0% GP). Concretes with GP
obtained reductions of 21% (G150), 39% (G200), and 42% (G250). The introduction of glass
particles allows for better packing in the mixture, reducing void content. In addition to the
pozzolanic activity verified for the GP studied, the porosity results can help to explain the
very good results obtained in the compressive strength tests.

The capillary water absorption rate of concrete with 50% GP is significantly lower
than the rate of the reference concrete. The values obtained were 0.149 (C300), 0.082 (G150),
0.059 (G200), and 0.05 (G250). That is, reductions between 45% and 66%.

Furthermore, there is a clear trend towards a reduction in the chloride diffusion
coefficient for concretes with 50% GP. This reduction is greater with a greater quantity of
binder used. At 28 days, the mixture with the smallest difference to the reference concrete
was G150, which still allowed a reduction of 13.9% (26.08 to 22.90).

The results indicate that the high replacement of cementum by GP can be a viable
alternative. However, it is vital to expand this study for advanced ages (90, 180, and
365 days). In addition to the advantages at a technical level, the use of concrete with a
low cement content promotes the reduction in CO2 emissions and energy consumption
related to the production of cement and helps to minimize the impact of depositing glass
in landfills.
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