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Abstract: One of the ways of lessening the CO2 emissions of cement industry consists of replacing
clinkers with supplementary cementitious materials. The required service life of real construction
elements is long, so it is useful to characterize the performance of these materials in the very long term.
Here, the influence of incorporating waste glass powder as a supplementary cementitious material,
regarding the microstructure and durability of mortars after 1500 hardening days (approximately
4 years), compared with reference mortars without additions, was studied. The percentages of clinker
replacement by glass powder were 10% and 20%. The microstructure was studied using impedance
spectroscopy and mercury intrusion porosimetry. Differential thermal and X-ray diffraction analyses
were performed for assessing the pozzolanic activity of glass powder at the end of the time period
studied. Water absorption after immersion, the steady-state diffusion coefficient, and length change
were also determined. In view of the results obtained, the microstructure of mortars that incorporated
waste glass powder was more refined compared with the reference specimens. The global solid
fraction and pores volume were very similar for all of the studied series. The addition of waste glass
powder reduced the chloride diffusion coefficient of the mortars, without worsening their behaviour
regarding water absorption after immersion.

Keywords: waste glass powder; supplementary cementitious materials; very long-term; sustainabil-
ity; microstructure; durability

1. Introduction

The reduction of CO2 emissions of the most pollutant industrial sectors is an important
topic of study [1,2]. In this regard, the construction sector in general, and particularly the
cement industry, are developing several strategies in order to increase their contribution
to sustainability, in line with the current worldwide goals focused on reducing global
warming. Among these strategies, the search for eco-friendly materials has experienced
great progress in the last years [3,4].

In relation to cement-based materials, one of the ways of lessening the CO2 emis-
sions produced by their production consists of partially or totally replacing the clinker by
additions such as supplementary cementitious materials [5]. There are several classical
additions [6,7] that have been used for decades, such as ground granulated blast-furnace
slag, fly ash, and silica fume. Most of them are waste coming from other industrial pro-
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cesses, so their use also has other environmental advantages, such as avoiding their storage
in landfills.

However, the availability of these classical additions could be reduced in the future,
especially in the case of fly ash, because of the progressive closing or transformation of
coal-fired power stations, as well as in relation to the current context focused on lessening
pollution. Therefore, the research of new supplementary cementitious materials still
continues at present. For examples of these new additions, it is interesting to highlight rice
husk ash [8], brick powder [9], and red mud [10], among others.

Regarding glass waste, their quantity has progressively risen in recent years, because
of the increased use of glass products [11], now representing approximately 5% of home
residues [12]. The percentage of glass recycling varies depending on the country, reaching
high recycling rates in the European Union [13], while in America, they are still low, with
the particular case of USA with, for example, only 34% of glass waste being recycled in
2014 [12].

Among the different ways for reusing this waste and reducing its environmental
impact, its possible utilization as an addition in cement-based materials has been reported
by several researchers [14–17], because of its high silica content [16–18], which would allow
for the development of pozzolanic properties [14–17]. In addition, it has been pointed out
that recycled glass powder has the potential for improving the physical and mechanical
properties of mortars [19] and for reducing the heat of hydration [20], at least in the short
term. It has also been reported that mixtures containing glass powder perform satisfactorily
with respect to drying shrinkage, alkali reactivity, and chloride ion penetrability in the
short term [21], producing reductions in pore size and connectivity [22]. Other work [23]
has shown that the results of using a Portuguese recycled glass material as an aggregate
or pozzolan in cement-based mortars can decrease the alkali silica reaction effects, and its
efficiency is related with the replacement ratio.

Several studies [24,25] have analyzed the combination of glass powder with other
additions such as rice husk ash and metakaolin after a short time, observing a good per-
formance of this addition. Regarding the behavior of cementitious materials in outdoor
environments, it has been pointed out [26] an improvement in resistance to chloride ion
penetration without reducing the mechanical performance after 100 exposure days. How-
ever, some studies [15,16,20,27,28] have reported a delay in the development of properties
in cement-based materials that incorporated glass powder compared withcontrol binders.

As has been indicated previously, it is important to highlight that the majority of
existing research has analysed the effect of volcanic powder at relatively short hardening
ages [29,30]. Nevertheless, the required service life of real construction elements, which
belong to buildings, structures, and other engineering works, is usually long [31]. Thus, for
assessing if the new supplementary cementitious materials, such as waste glass powder, are
adequate for being used in these real construction elements, it is necessary to characterize
their performance in the very long term, after hardening periods of several years.

Therefore, the main objective of this research is to get information about the influence
of the incorporation of waste glass powder as a supplementary cementitious material
on the microstructure and durability of mortars after approximately 4 hardening years
(1500 days), compared with reference mortars without additions. The percentages of
clinker replacement using glass powder were 10% and 20%. The pore network of the
mortars was studied using the non-destructive impedance spectroscopy technique and
mercury intrusion porosimetry. In order to assess the pozzolanic activity development
of the glass powder at the end of the studied time period, differential thermal and X-
ray diffraction analyses were performed. Regarding the durability-related parameters,
the water absorption after immersion and the steady-state diffusion coefficient obtained
from the saturated samples’ resistivity were determined. Finally, the length change of
the mortars was measured after 1500 hardening days for evaluating if the glass powder
produced any effect in this regard.
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2. Materials and Methods
2.1. Materials and Sample Preparation

In this work, mortars that incorporated the addition of waste glass powder (GP)
were studied. The waste glass came from recycling containers and the glass powder was
obtained through a process of crushing and dry grinding the original residues. The chemical
composition of the glass powder is shown in Table 1 and its particle size distribution is
represented in Figure 1.

Table 1. Chemical properties of glass powder.

Composition Value

Al2O3 2.90%
SiO2 64.32%

Na2O 13.03%
CaO 18.18%

Fe2O3 -
K2O 1.56%
SO3 -

MgO -

Figure 1. Particle size distribution of glass powder.

The mortars were made with binders that combined glass powder and a commercial
ordinary Portland cement CEM I 42.5 R [32]. First, the reference mortars without glass
powder were prepared, designated as REF in the results and discussion sections. Then,
two series of mortars with GP additions were also made, incorporating 10% and 20% in
weight as a replacement of the abovementioned cement CEM I 42.5 R. These series were
designed as GP10 and GP20, respectively. The water to cement ratio was 0.5 and the
aggregate to cement ratio was 3:1 for all of the mortars. The fine aggregates accomplished
the prescriptions of standard UNE-EN 196-1 [33].

The prepared samples were cured during the first 24 h, and were stored in a chamber
at 20 ◦C with 95% relative humidity (RH). Two types of specimens were prepared. On
one hand, cylindrical specimens with 10 cm diameter and 15 cm height were made. Once
de-molded, these specimens were cut to obtain disks with a 1 cm thickness, which were
used for the impedance spectroscopy technique measurements and for the determination
of the steady-state diffusion coefficient, in order to obtain pieces for the mercury intrusion
porosimetry test and for the determination of the water absorption by immersion, as well
as for getting powder for the differential thermal analyses. On the other hand, prismatic
samples with dimensions of 25 mm × 25 mm × 285 mm were also prepared, which were
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used for the length change measurements. Finally, all of the samples were kept in optimum
laboratory conditions (20 ◦C and 100% RH) for 1500 hardening days (approximately
4 years), after which they were tested.

2.2. Mercury Intrusion Porosimetry

The mercury intrusion porosimetry technique allows for obtaining information about
the microstructure of materials [34,35]. In this work, this test was performed using a
porosimeter Poremaster-60 GT model manufactured by Quantachrome Instruments (Boyn-
ton Beach, FL, USA). Before the test, the specimens were dried in an oven at 50 ◦C for
48 h. The results analyzed in this work were the total porosity, pore size distribution, and
percentage of Hg retained at the end of the experiment. Two measurements were made on
each type of mortar at the hardening age studied.

2.3. Impedance Spectroscopy

Regarding the impedance spectroscopy, recently, it was successfully used for getting
information about the microstructure of different types of cement-based materials [36–38].
Here, the impedance spectroscopy measurements were performed using an Agilent 4294A
analyzer (Agilent Technologies, Kobe, Japan). This device takes capacitance measure-
ments ranging between 10−14 F and 0.1 F, with a maximum resolution of 10−15 F. Circular
electrodes with an 8 cm diameter were used, consisting of flexible graphite attached to
a piece of copper with the same diameter, in order to obtain the impedance spectra. The
frequencies ranged between 100 Hz and 100 MHz.

Contacting and non-contacting measurement methods were used [36]. The experi-
mental data were fit to the equivalent circuits proposed by Cabeza et al. [36]. Those circuits
consisted of several resistances and capacitances [36] (see Figure 2). The R1 resistance
provides data about the percolating pores in the sample [36], the R2 resistance provides
information about the pores in general [36], the C1 capacitance provides information about
the solid fraction of the sample [36], and the C2 capacitance is associated with the surface of
the pores in contact with the electrolyte that fills the pore network of the material [37]. Here,
because of their greater accuracy, only the values of parameters R2, C1, and C2 with the
non-contacting method were analyzed. The values of the R1 resistance, which could only
be obtained using the contacting method, were only used for obtaining the steady-state
chloride diffusion coefficient. Eight different disks were analyzed with this technique for
each mortar type.

Figure 2. (a) Equivalent circuit used for fitting the impedance spectra obtained using the contacting
method. (b) Equivalent circuit used for fitting the impedance spectra obtained using the non-
contacting method.

2.4. Differential Thermal Analysis

The differential thermal analyses were performed using a simultaneous TG-DTA
model TGA/SDTA851e/SF/1100 from Mettler Toledo, which allows for working from
room temperature to 1100 ◦C. The chosen heating ramp was 20 ◦C/min up to 1000 ◦C in an
N2 atmosphere. The curve weight derivate versus temperature was determined for each
mortar type.
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2.5. X-Ray Diffraction (XRD)

X-ray diffractions were performed using a Bruker D8 Advance diffractometer (Bruker
Española S.A., Madrid, Spain). The spectrum was registered with stepping intervals from
4◦ to 60◦ at 0.05◦ in the Θ- Θ mode (X-ray tube power: 40 kV and 40 mA). The X-ray spectra
were obtained for each mortar type after 1500 hardening days.

2.6. Water Absorption

The absorption after immersion was determined following the procedure included
in the ASTM Standard C642-06 [39]. Six pieces taken from disks of a 1-cm thickness were
tested for each kind of mortar studied.

2.7. Steady-State Diffusion Coefficient

The steady-state chloride diffusion coefficient was obtained from the electrical re-
sistivity of the saturated samples. The resistivity was calculated from the R1 impedance
spectroscopy values measured in the water saturated samples. As has been previously
explained, the R1 impedance resistance is related to the pores that cross the sample [36]
and is therefore equivalent to the electrical resistance of the sample. For each mortar series,
six different disks with a1 cm thickness were tested. Finally, the steady-state diffusion
coefficient was calculated using the following expression [40]:

DS =
2 × 10−10

ρ
(1)

where Ds is the chloride steady-state diffusion coefficient through the sample (m2/s) and ρ
is the electrical resistivity of the specimen (Ω·m).

2.8. Length Change

In order to assess whether the addition of glass powder produced the development of
the expansion or shrinkage phenomena, in the mortars with waste glass powder, compared
with the reference ones, their length change in percentage was determined after 1500 hard-
ening days. Once de-moulded, the initial length of the prismatic samples was measured
using a length comparator according to ASTM Standard C596-01 [41]. This length was the
starting point of reference. At the end of the studied period, their length was measured
again with the same procedure. Finally, from both measurements, the percentage of length
change with respect to the initial length after 1500 hardening days was calculated. For
each mortar type, six prismatic specimens with dimensions of 25 mm × 25 mm × 285 mm
were tested.

3. Results
3.1. Mercury Intrusion Porosimetry

The total porosity results obtained after 1500 days for the three mortar series analyzed
are depicted in Figure 3. The values of this parameter were similar for the REF, GP10, and
GP20 specimens, although it was slightly lower for the mortars that incorporated 10% of
waste glass powder compared with the reference ones. The total porosity noted for the
GP20 mortars was not much higher that that observed for the GP10 and REF series.
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Figure 3. Total porosity results obtained for the studied mortar series. Error bars in this figure and in
the following represent the standard deviation.

With respect to the pore size distributions of the studied mortars, they can be observed
in Figure 4. The percentage of pores with smaller diameters was greater for the specimens
with a glass powder addition in comparison with the reference ones, which was especially
noticeable for pores with sizes lower than 10 nm. When comparing the pore size distribu-
tions of the GP10 and GP20 mortars, those with a greater content of glass powder presented
a higher presence of finer pores. Therefore, according to these results, the addition of waste
glass powder as a clinker replacement produced a greater refinement of the pore network
of the mortars after 1500 hardening days.

Figure 4. Pore size distributions noted for reference mortar without glass powder (REF), mortar with
10% glass powder (GP10), and mortar with 20% glass powder (GP20).

The results of mercury retained at the end of mercury intrusion porosimetry test
are represented in Figure 5. This parameter was relatively similar for all of the mortars
studied, although it was slightly higher for the specimens with glass powder, especially
the GP10 ones.
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Figure 5. Results of percentage of mercury retained at the end of the mercury intrusion porosimetry
test for the studied mortars after1500 hardening days.

3.2. Impedance Spectroscopy

Regarding the impedance capacitances, the results of capacitance C1 are shown in
Figure 6. This parameter was slightly higher as increased the glass powder content in the
samples. However, scarce differences in this capacitance were observed overall between
the different mortar series analyzed.

Figure 6. Results of capacitance C1 for the analyzed mortars.

The capacitance C2 results after 1500 hardening days are depicted in Figure 7. The
highest value of this parameter was noted for the GP20 specimens, followed by the GP10
ones. On the other hand, the reference samples showed the lowest capacitance C2 in over
the very long term.
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Figure 7. Values of capacitance C2 noted for the REF, GP10, and GP20 specimens.

In relation to impedance resistance R2, the results can be observed in Figure 8. This
resistance was considerably greater for the glass powder samples after 1500 hardening days
compared with reference ones. Furthermore, the value of this parameter rose along with
the higher percentage of glass powder addition in the mortar, with the highest resistance
R2 noted for the GP20 specimens.

Figure 8. Results of capacitance R2 obtained for the different mortar series tested.

3.3. Differential Thermal Analysis

The derivate of the weight versus temperature curves obtained for the analyzed mortar
series after 1500 hardening ages are depicted in Figure 9. The area of portlandite peak of this
curve lowered as the percentage of clinker replacement by waste glass powder increased.
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Figure 9. Derivate of weight versus temperature curve obtained for the studied mortars after 1500
hardening days.

3.4. X-Ray Diffraction (XRD)

The X-ray spectra obtained for each mortar series studied after 1500 hardening days
are depicted in Figure 10. As can be observed, the analysis of the peak intensities showed
a portlandite decrease as the percentage of clinker replacement by waste glass powder
increased in the sample.

Figure 10. Cont.
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Figure 10. (a) XRD spectrum for REF mortars; (b) XRD spectrum for GP10 mortars; (c) XRD spectrum
for GP20 mortars. The letter P indicates the portlandite peaks in each spectrum.

3.5. Water Absorption

The results of the percentages of water absorption after immersion determined ac-
cording to ASTM Standard C642-06 [39] can be observed in Figure 11. This parameter
was very similar for all of the mortar series analyzed after 1500 hardening days. It was
slightly higher for GP20 and slightly lower for GP10, when comparing both with the REF
specimens, although in both cases the differences between them were not noticeable.

Figure 11. Percentages of absorption after immersion determined according to ASTM Standard
C642-06 [39] for the REF, GP10, and GP20 mortars.

3.6. Steady-State Chloride Diffusion Coefficient

The results of the steady-state chloride diffusion coefficient obtained from sample’s
resistivity for the studied mortars in the very long term are represented in Figure 12. The
greatest value of this coefficient was observed for the reference specimens. Mortars with
glass powder showed lower steady-state diffusion coefficients compared with the reference
ones. Finally, it is interesting to highlight that the lowest value for this parameter was
noted for the specimens with the higher waste glass content (GP20 series).
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Figure 12. Results of the steady-state chloride diffusion coefficient obtained from the samples’
resistivity for the studied mortars after1500 hardening days.

3.7. Length Change

The percentage of length change with respect to the initial length noted for the mortar
series studied after 1500 hardening days is represented in Figure 13. As can be observed, all
of the mortars experienced an expansion during the analyzed time period. This expansion
was higher for the REF samples. In relation to the mortars with glass powder, this expansion
was slightly lower for the GP20 mortars, although in general it was relatively similar for
both GP series.

Figure 13. Percentage of length change respect to the initial length noted for REF, GP10 and GP20
mortars after 1500 hardening days.

4. Discussion

Regarding the microstructure characterization, the results of the mercury intrusion
porosimetry and impedance spectroscopy technique showed coincidences. On one hand, in
relation to the solid fraction of the mortars, both techniques showed that it was very similar
for all of the mortars studied after 1500 hardening days. In particular, the impedance
capacitance C1 provided information about the global solid fraction in the sample [36],
independently of its pore size distribution, while the total porosity gave data about the
global volume of pores. Therefore, the similar values for both of the parameters noted
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for all the mortars (see Figures 3 and 6) would suggest that there were scarce differences
in their global solid fraction and pores volume, independently of the addition of waste
glass powder, at least for the percentages of clinker replacement studied here. This minor
influence in the global porosity has been observed for other classical additions, such as fly
ash [42].

With respect to the pore size distributions of the mortars, the mercury intrusion
porosimetry technique (see Figure 4) showed that specimens with waste glass powder had
a more refined microstructure, with a higher percentage of pores with smaller diameters,
especially for those with sizes lower than 10 nm. In addition, it has also been noted that
the higher content of glass powder in the binder produced a greater pore refinement. The
percentage of Hg retained at the end of porosimetry test (see Figure 5) was slightly higher
for the GP mortars, which would also suggest a greater tortuosity of the pore network in
these specimens.

The results of the impedance capacitance C2 (see Figure 7) and resistance R2 (see
Figure 8) were in keeping with the pore size distributions obtained with mercury intrusion
porosimetry. The capacitance C2 is associated with the pore surface in contact with the
electrolyte that fills the pore network of the material [37], while the R2 resistance provides
information about the pores [37]. The capacitance C2 increased along with the increased
percentage of waste glass powder in the binder, which would suggest that mortars with
this addition had a greater pore surface [30,43]. Regarding impedance resistance R2, the
greater values of this parameter noted for the GP10 and GP20 specimens would indicate
that their pore structure would have the presence of more fine pores, coinciding with the
information provided by the pore size distributions.

The pore refinement produced by the glass powder in the very long term would be as
a result of the development of the pozzolanic reactions of this addition [15,27,28]. These
pozzolanic reactions would produce a solid phase formation, closing the microstructure,
reducing the size of the pores, and increasing their surface, because of the appeareance of
the new solid structures on the preexisting pore walls. This pozzolanic activity of the waste
glass powder after 1500 hardening days was confirmed by the results of differential
thermal analysis, which showed a lower area of portlandite peak in the curves derivate
of weight versus temperature for the GP mortars compared with reference ones (see
Figure 9). In addition, the lower intensities of portlandite peaks for the series with glass
powder revealed by the analyses of XRD spectra would also indicate this pozzolanic
activity in the very long term for this addition. These results are in agreement with those
observed by other authors [20,30,44] for shorter hardening ages.

In relation to durability-related properties, the percentage of absorption after immer-
sion was relatively similar for all of the mortars studied (see Figure 11), being in accordance
with total porosity and capacitance C1 results, which would show hardly any differences
in the overall solid fraction and volume of pores between the different analyzed binders.
With regard to the steady-state chloride diffusion coefficient, it is important to get the
information for the very long term, because chlorides are one of the most harmful agents
that could produce the corrosion of reinforcements embedded in cement-based materials.
As has been previously described, the values of this coefficient were noticeably lower for
mortars with glass powder (see Figure 12). This result could be related to the higher pore
refinement observed for the GP10 and GP20 specimens, compared with the REF ones,
which would be produced by the development of pozzolanic reactions of glass powder [28],
as already discussed. The greater presence of finer pores would make the movement of
chlorides through the microstructure of mortars more difficult, entailing lower diffusion
coefficients, as has been noted.

Regarding the results of the length change noted for the different mortars series
studied (see Figure 13), a length increase for all of them was observed, which would
indicate that an expansion was produced. This result would be expected, because the
mortars were stored under optimum laboratory conditions until the testing age at 1500
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hardening days. Nevertheless, it is important to highlight that the GP mortars showed less
expansion compared with the reference ones.

According to the results previously discussed, it seems that the addition of waste
glass powder in mortars, up to 20% of the clinker replacement, would have beneficial
effects after 1500 hardening days, in terms of microstructure refinement and resistance
against chloride ingress, without worsening other parameters such as the total porosity
and water absorption through immersion. In the very long term, these results would be
relevant in order to assess the future use for real construction elements of waste glass
powder addition, because the required service life of these elements belonging to buildings
and other engineering works are usually long.

Finally, it has been reported greenhouse gasses analyses [45] that showed that a substi-
tution of 10% of clinker by waste glass powder would make a reduction of approximately
9% of CO2 emissions per ton of cement produced [45], compared with cement type I
without additions. For a percentage of replacement of 20% of clinker by waste glass pow-
der, around an 18% reduction of CO2 emissions per ton of cement produced has been
estimated [45]. Therefore, in addition to the beneficial effects in the microstructure and
chloride diffusion in the very long term, the incorporation of glass powder in binders for
cement-based materials would also contribute to sustainability, with added value from an
environmental point of view.

5. Conclusions

The main conclusions that can be drawn from the results previously discussed can be
summarized as follows:

• After 1500 hardening days, the microstructure of mortars that incorporated waste
glass powder was more refined compared with the reference specimens, according
to the pore size distributions, obtained with mercury intrusion porosimetry, and
the impedance spectroscopy parameters capacitance C2 and resistance R2. The mi-
crostructure became more refined as the percentage of waste glass powder in the
mortars increased.

• The higher pore refinement produced by waste glass powder could be due to the
pozzolanic activity of this addition, as suggested the differential thermal analyses after
1500 hardening days, resulting in a higher presence of finer pores.

• The global solid fraction and pore volumes of the mortars was very similar after 4 years,
independently of the incorporation of waste glass powder in the binder, as suggested
by the total porosity results, determined with mercury intrusion porosimetry, as well
as the impedance spectroscopy capacitance C1.

• The addition of waste glass powder did not worsen the behaviour of the mortars over
the very long term in relation to the water absorption after immersion.

• Mortars with glass powder showed lower steady-state chloride diffusion coefficients
after 1500 days in comparison with the reference specimens. Furthermore, this coeffi-
cient lowered as the proportion of glass powder in the binder increased. This good
performance related to the chloride diffusion could be as a result of the more refined
pore structure produced by the waste glass powder addition.

• In view of the results observed in this research, the incorporation of 10% and 20%
of waste glass powder as a substitution for the clinker would produce an adequate
behaviour in mortars after approximately 4 hardening years, improving their mi-
crostructure and chloride ingress resistance, without affecting their water absorption.
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