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This study presents an alternative for the combined revalorization of two wastes with high volumes of genera-
tion, such as end-of-life tyres and glass. The experimental grid considered the analysis of the joint use of crumb
rubber and glass powder in mortars. Crumb rubber is analysed as a sand replacement at 10% and 15% per-
centages, while glass powder is’. analysed as a 10% replacement for cement, considering the effect of two

maximum size particles (38 pm and 45 pm). The results obtained show a decrease in the mechanical strength of
the mortars, mainly associated with the use of crumb rubber, which increases with the increase in the percentage
of crumb rubber used. However, a synergistic effect of the joint use of crumb rubber with glass powder was
observed, which allowed the improvement of not only the thermal properties of the series but also those of water
absorption, porosity and capillarity.

1. Introduction

Worldwide, the constant development of construction has led to a
high demand for building materials, and at the same time, a shortage in
different locations of the raw materials required for these materials. For
this reason, concern for the environment and the conscientious use of
natural resources are the focus of several areas at the industrial level.
Specifically, the construction industry is responsible for high percent-
ages of carbon dioxide (CO2) emissions and natural resource extraction
(OECD, 2019). As a result, various strategies are being developed to
mitigate the adverse effects that the industry is generating. These stra-
tegies include actions carried out for the increase of the circular econ-
omy in construction, which aim to reduce or eliminate solutions based
on linear models of use and disposal, which imply a high consumption of
natural resources (Hossain et al., 2020). Among these actions is the use
of secondary materials from waste or debris (Letelier et al., 2019a).

A secondary material used within the construction area in various
materials has been rubber tyre waste. This waste generates worldwide
concern due to the high volumes generated annually and the environ-
mental damage caused by the most common tyre disposal practices.
From the available data it is considered that about 1.5 billion tyres are
discarded annually across the globe (XU et al., 2020). The increase in
tyre waste has become a major environmental problem, called “black
pollution”, since a common practice is to leave this waste in landfills or
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unauthorised sites and the easiest and most economical method to
dispose of tyres is to burn them.

There are currently several innovative techniques for recycling large
volumes of scrap tyres. Depending on their crushing process and particle
size, they can be used as an addition to or replacement for fine and
coarse aggregates, and replaced as fibre, crumb or powder. Some options
to reuse this waste are within cementitious materials, such as concrete or
mortars, where crumb rubber (CR) is used as a partial or total replace-
ment for natural aggregates (NA), allowing, among other things, a
reduction in the demand for extraction of natural raw materials (XU
et al., 2020). The main disadvantage of the use of CR in these materials is
the weak interface that is generated between the CR particles and the
cement paste, reducing its mechanical properties, but losses can be
controlled by limiting its use percentages (Akhtar and Sarmah, 2018).
However, an improvement in the physical and durability properties of
the mixtures, such as corrosion resistance, acoustic and thermal insu-
lation, has been demonstrated (Youssf et al., 2015; Zhu et al., 2019).

On the other hand, high volumes of glass are currently landfilled.
Globally, glass recycling rates vary depending on the country being
analysed. European Union countries have the highest recycling per-
centages in the world, with an average of 73%, while other countries
have much lower values, such as the United States (34%) and Singapore
(20%) (Heriyanto and Sahajwalla, 2018). In the case of Chile, available
data show that the recycling rate in 2020 was 27% (Kyklos, 2020).
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The revalorization of glass within the construction industry is an
attractive option, due to the industry’s capacity to valorise a high per-
centage of this waste and the low quality conditions required. An
effective alternative among construction materials is the use of glass
powder (GP) as a cement replacement. The negative effects caused by
the alkali-silica reaction caused by the use of glass do not occur when it
is used as a cement substitute due to its pozzolanic properties. Chen et al.
(2002) analysed the incorporation of a percentage of GP in cement
production, concluding that cement produced with the addition of GP
shows no chemical or physical differences with respect to cement pro-
duced without the addition of glass. In turn, studies by Ortega et al.
(2018) reveal that the development of microstructure and serviceability
properties is slower for mortars with GP than for control mortars due to
the delay in pozzolanic reactions of GP compared to clinker hydration.
The addition of GP by up to 20%, however, did not result in a loss of
durability or medium-to long-term mechanical properties compared to
control mortars (Ortega et al., 2018).

As a proposal to increase the environmental benefits generated by
the use of secondary materials, studies have been conducted that
incorporate two or more wastes to prepare cement-based materials.
Despite this, there is still little or no literature on the combined use of
crumb rubber and glass powder. Therefore, this study focuses mainly on
the analysis and effect of incorporating these two wastes separately and
combined in mortars, evaluating the possible synergies that may occur
between the both wastes. The replacement of natural fine aggregates
(NFA) by CR and the replacement of cement by GP will be analysed.

2. Materials and methods
2.1. Materials

2.1.1. Portland cement

High strength cement formulated with clinker, pozzolan and gyp-
sum, classified as type IP (Portland-pozzolanic) according to ASTM
C595/C595M — 16 (ASTM C595/C595M — 16, 2016), was used in this
study. According to its technical data sheet, its initial and final setting
time is 90 and 125 min, respectively. In addition, its Blaine specific
surface area is 5000 cm?/g and its specific weight is 3.00 g/cm?. It has a
SOs3 content of 3.5%. Its compressive and tensile strengths at 7 days are
420 kg/cm? and 65 kg/cm?, increasing to 500 kg/cm? and 75 kg/cm? at
28 days, respectively. Table 1 shows its chemical analysis.

2.1.2. Aggregates

The natural aggregate used corresponds to fine quartz sand obtained
locally, washed and dried at 100 °C for 24 h and then sieved through
meshes from No. 16 (1.18 mm) to No. 200 (0.075 mm). Table 2 shows
the physical properties of this material, while Fig. 1 presents the particle
size distribution used.

2.1.3. Waste glass

Glass powder (GP) was incorporated as waste to be used as a 10%
cement replacement. The glass used was obtained from locally collected
clear bottles, which were washed and their labels removed. After being
dried, they were crushed and sieved until reaching mesh sizes No. 325

Table 1

Chemical properties of cement and glass powder.
Composition Cement (%) GP (%)
SiOy 38.06 64.32
Al,03 8.88 2.90
CaO 40.92 18.18
Fe,03 2.83 -
S04 2.33 -
MgO 1.59 -
NaO 1.75 13.03
K,0 1.62 1.53
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Table 2
Physical properties of the aggregates.

Aggregate type Specific gravity (g/cm®) Absorption (%)

Natural fine aggregate 2.6 0.8
Crumb rubber 1.06 -

(0.045 mm) and No. 400 (0.038 mm). To obtain the mineralogical
composition of the crystalline phases of the GP, an X-ray diffraction
analysis (XRD) was performed (Fig. 2). From this analysis it is not
possible to identify peaks attributed to any crystallized compound, with
the exception of a wide diffraction halo between 20° and 30°, which is
attributed to the vitreous phase, characteristic of amorphous structures,
similar to that obtained in a previous study by Kim et al. (2015). In
addition, Fig. 3 shows the EDS (energy dispersive spectroscopy) of the
GP used, which agrees with the data presented in Table 1. When making
a cement replacement, it is important that the sum of the Si + Al + Ca
components be greater than 75%, which it is possible to observe in the
figure representing the principal components of the GP. Fig. 4a shows
the shape of the glass particles, which in this case are angular and
flattened, as well as an idea of their particle size distribution. These
aspects are important to explain some behaviours such as consistency, or
the filler effect that contributes to the properties of the mortar. Fig. 5
shows the particle size obtained from the laser diffraction analysis, from
which it is observed that, despite the low average values of the two
samples, the particle size of GP-38 pum is more concentrated in the fine
fractions than those of GP-45 pm.

2.1.4. Tyre rubber waste

Replacement percentages of 10% and 15% crumb rubber (CR) by
volume of NFA were used. This waste was supplied by a local tyre
company, it was shredded, washed and the steel fibres were extracted.
The CR was then sieved through 1.18, 0.6, 0.3 and 0.15 mm meshes.
Table 2 shows some physical properties of this waste. In addition, Fig. 4b
presents the SEM analysis of the CR, which shows a smooth surface to
the naked eye.

2.2. Mix proportions

The mix proportions of all series are given in Table 3. In order to
study the influence of each waste on the mixture, 9 series were carried
out, considering a control series (C00) to compare the results obtained.
All the series were based on the control series, designed with a cement:
sand ratio of 1:3. The water used corresponds to that required to
maintain a consistency of 210 + 5 mm.

2.3. Testing methods

2.3.1. Consistency

To ensure an adequate workability and the comparison between
mortars, consistency values were set in the spreading range of 210 + 5
mm according to NCh2256,/1.0f2001 (NCh2256,/1.0f 2001, 2001) with
a 100 mm internal diameter mini slump cone on a 250 mm flow table
disc. The mould was first filled with the fresh mortar and then lifted
vertically from the flow table to spread the mortar mixture on the disc.
Subsequently, the flow table was agitated 15 times at a constant rate.
After the mixture was stirred, two perpendicular diameter measure-
ments of the mortar were taken. The final measurement was obtained
from the average of 3 samples and a precision of 1 mm was considered.

2.3.2. Dry density

Dry density (pg) was calculated according to UNE-EN 1015-10
(UNE-EN 1015-10, 2000). For this test, at 28 days of curing, 3 cylin-
drical samples (100 mm in diameter and 50 mm in height) were used.
The test consisted of drying the samples in an oven at 105 °C for a
minimum of 24 h, recording their dry weight (A). Subsequently, they
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Fig. 2. XRD analysis of glass powder used.

were immersed in water for another 24 h and the weight of the sample
suspended in water was measured, obtaining the submerged weight (C).
Finally, the samples were surface dried to obtain the saturated weight
(B). With the obtained data, the dry density value was calculated using
Equation (1).

Pa=75 T (€)]
where y is the water density in g/cm®.
2.3.3. Water absorption by immersion

From the results obtained for the dry density, the water absorption
by immersion, Abs (%), was calculated according to UNE-EN 1015-18

(UNE-EN 1015-18, 2003), using the formula shown in Equation (2).

Abs(%) = BA%A-loo 2

2.3.4. Water-accessible porosity
The accessible porosity (AP) was calculated according to UNE-EN
1015-18 (UNE-EN 1015-18, 2003) based on the data collected for the
dry density test using Equation (3).
B—-A

P,==—2.100
B=C 3

2.3.5. Capillary absorption test

The water absorption rate was determined according to ASTM
C1585-13 (ASTM C1585-13, 2013). Three cylindrical samples (100 mm
in diameter and 50 mm in height) were used to measure the mass in-
crease due to water absorption as a function of time. For this purpose,
the sample is waterproofed so that only a free surface remains in contact
with the water so that it rises vertically. In the first measurement period,
the initial water absorption rate (cm/s'/?) was obtained from the slope
between the data measured between 1 min and 6 h.

2.3.6. Ultrasonic pulse velocity (UPV) test
To verify the homogeneity of the mortar, the presence of voids or
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Fig. 3. EDS analysis of glass powder used.
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Fig. 4. SEM images of (a) Glass Powder, (b) Crumb Rubber, and (c) Cement matrix with addition of crumb rubber.
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Fig. 5. Granulometry of the glass powder (38 and 45 pm).
Table 3
Mix proportions (g).
Mix code Water Cement w/b effective GP (38 pm) GP (45 pm) Crumb rubber Natural aggregate
Co0 288.00 450 0.64 0 0 0.00 1350.0
CR10 300.86 450 0.67 0 0 55.47 1215.0
CR15 313.71 450 0.70 0 0 83.20 1147.5
GP38 288.00 405 0.64 45 0 0.00 1350.0
GP45 288.00 405 0.64 0 45 0.00 1350.0
CR10/GP38 306.00 405 0.68 45 0 55.47 1215.0
CR10/GP45 306.00 405 0.68 0 45 55.47 1215.0
CR15/GP38 324.00 405 0.72 45 0 83.20 1147.5
CR15/GP45 324.00 405 0.72 0 45 83.20 1147.5
cracks and possible changes over time, as well as to determine the et al., 2018).

physical and dynamic characteristics of the material, the ultrasonic
pulse velocity method (UPV) was used. This test consists of determining
the propagation velocity of a sound wave within the material by
determining the time it takes for the wave to pass through a given
thickness. Measurements were performed on 3 cylindrical samples (100
mm in diameter and 50 mm in height) according to ASTM C597-09
(ASTM (C597-09, 2009) using a PULSONIC 58-E4900 instrument
(CONTROLS). The time taken for the ultrasonic pulse to travel through
the sample was measured to an accuracy of up to 0.1 ps, using 54 kHz
transducers located at the centre of opposite faces of each sample.

2.3.7. Thermal conductivity

In order to determine the thermal conductivity of the mortars, non-
destructive testing was carried out using the thermal needle probe
procedure according to ASTM D5334-14 (ASTM D5334-14, 2014). For
this purpose, a KD2 Pro equipment was used on cylindrical specimens
50 mm in diameter and 150 mm in height. The specimens were left to
dry previously for 24 h at 70 °C, and then left at a room temperature of
20 °C for an additional 24 h prior to testing. As for the measurement, the
heat generated by the needle inside the sample during a time t produces
a temperature gradient, which is detected and recorded by the equip-
ment. This temperature is calculated by Equation (4), and the thermal
conductivity (y) is determined by Equation (5) (Norambuena-Contreras

T =my + my-t + ms-In(t)-Ec (@)
where T is the recorded temperature; m; is the room temperature; my is
the rate of change of the background temperature; mg is the slope of a
line relating the temperature increase to the logarithm of the tempera-
ture; and t is the test time.

= q_.
4‘7['1’”3

)

Y

where the thermal conductivity y is measured in W/mK; q is the heat
generated by the needle sensor in W/m, where each value is determined
as the average of 3 measurements.

2.3.8. Mechanical properties (compressive and flexural strength)

Compressive and flexural strength were determined according to
UNE-EN 196-1 (UNE-EN 196-1, 1996). The series were tested at 7, 14
and 28 days of curing. At each opportunity, 3 RILEM prismatic speci-
mens of 4 x 4 x 16 cm were tested for each series, from which the
average value was obtained.
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3. Results and discussion
3.1. Consistency

Table 3 shows the water required for each series to maintain the
specified consistency. As can be seen, with respect to the control mortar,
the addition of CR increases the water requirement as the percentage of
addition increases. In the case of the addition of 10% and 15% of rubber,
the increase of water is 4.5% and 8.9%, respectively. de Souza Kaz-
mierczak et al. (de Souza Kazmierczak et al., 2020) consider that the
laminar shape of the CR particles would cause a decrease in workability,
which would explain the higher water consumption needed to maintain
the workability. Mundo et al. (2020) consider that another factor
influencing the increase in the water requirement is the hydrophobic
character of CR particles.

On the other hand, when 10% GP is used, regardless of the particle
size, no differences are observed with respect to the water required by
the CM. According to Ramdani et al. (2019), the low water absorption of
the glass powder could help to avoid changes in the required water. For
their part, Letelier et al. (2019a) comment that the workability of the
mortars is affected by the GP particle size, with a lower water require-
ment observed when GP particles were smaller than 38 pm. xin Lu et al.
(xin Lu et al., 2017) conclude that when the particle size is reduced, the
consistency of the mortar increases to values even higher than those of
the control mortar, probably because the thinner particles are able to
reduce friction due to the irregular shape.

When both wastes are used together (CR and GP) there is an increase
in the water required in percentages between 6.3% and 12.5%. These
values are clearly affected by the use of rubber, but their values increase
compared to the use of rubber alone, probably due to the irregular shape
of the particles of both wastes and the difficult bonding of the rubber and
glass particles in the fresh mixture.

3.2. Dry density

Fig. 6 shows the density of the series analysed at 28 days. As can be
seen, when CR is used, compared to the control series, the density de-
creases noticeably as the rubber content increases in percentages of 8%
and 12% for the 10% and 15% replacement, respectively. This decrease
is mainly due to the lower density of the CR compared to the density of
natural sand. On the other hand, the use of GP decreases the density of
the series by only 1% with respect to CM, due to the lower density of the
glass particles.

When both wastes are used together, a decrease in density varying
between 9% and 11% with respect to the density of the CM is observed.
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Fig. 6. Density at 28 days.
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This decrease is mainly governed by the effect of the rubber particles.

3.3. Water absorption

Fig. 7 shows the water absorption of the series analysed. When CR is
used, compared to the control series, water absorption increases as the
rubber content increases in percentages of 6% and 24% for 10% and
15% replacement, respectively. This increase could be mainly due to the
irregular shape of the rubber particles, as well as the greater amount of
water required to maintain the consistency. In this way, the water that
did not react with the cement particles is evaporated, generating voids
that cause an increase in the water absorption (Wang et al., 2020).

From the results obtained at 28 days, when GP is used, an increase in
water absorption is generated compared to CM, in percentages of 7%
and 9% for the glass powder size of 38 pm and 45 pm, respectively. This
increase is associated with an increase in porosity, which, according to
several authors, is due to dilution effects (Mejdi et al., 2022; Nahi et al.,
2020), meaning a reduction in the overall volume of cementitious ma-
terials (increasing the effective w/c ratio) and, consequently, a reduc-
tion in the formation amount of hydration products (Boukhelf et al.,
2021; Du et al., 2021). The GP with nominal size of 38 pm presents a
slightly lower water absorption than the GP with a nominal size of 45
pm, mainly due to the higher pore sealing capacity of the smaller size
glass particles, generating a filler effect (Letelier et al., 2019a).

When both wastes are used, the water absorption percentages are
considerably lower than when the wastes are used individually. Thus for
10% rubber replacements, the absorptions present differences with
respect to the CM of 0% and 4% for the 38 ym and 45 pm sizes,
respectively. On the other hand, when using 15% rubber, the absorp-
tions present differences with respect to the CM of 2% and 6% for the
sizes of 38 pm and 45 pm, respectively. The above reveals a synergistic
effect of the use of both wastes, which allows sealing of the open pores
(Ramdani et al., 2019).

3.4. Open porosity

According to Fig. 8, the incorporation of CR presented porosity
values very close to the CM, with differences close to 0% and 9% when
using 10% and 15% CR. These slight increases are due to the tendency of
CR to repel water and attract air (Assaggaf et al., 2021), generating
spaces or voids in the ITZ and weak bonds at the interface between the
rubber and particles and the cement mixture (Moreno et al., 2020).

On the other hand, when replacing cement with GP, compared to
CM, water porosity increases by 6% and 7% for 10% replacements of 38
pm and 45 pm particles, respectively. These increases have been
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Fig. 7. Water absorption at 28 days.
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reported in several studies (Nahi et al., 2020; Du et al., 2021), which
attribute the increase in porosity to the dilution effect when cement is
replaced by GP, since there are fewer cement particles and more water in
the matrix. Thus, when drying takes place, the water comes out and
makes the mortar more porous. In turn, glass powder has a lower specific
gravity than cement and the substitution by mass leads to less paste
volume in the mortar.

When both wastes are used together, a decrease in porosity values
with respect to CM is observed. When 10% CR is used, the porosity
values are lower by 9% and 6% for GP sizes of 38 ym and 45 pm,
respectively. In contrast, when 15% CR is used, the porosity values with
respect to CM are lower by 9% and 5% for GP sizes of 38 pm and 45 pm,
respectively. The above reveals a synergistic effect of the use of both
wastes, which contributes to pore filling. These results could represent
an opportunity to use this type of mortars in solutions that do not require
high strength but impermeability of the material.

3.5. Capillarity

From the capillarity data available at 28 days (Fig. 9), it can be
observed that when using 10% CR the capillarity values are higher by
3% with respect to those of the control series, and that with the increase
of CR replacement to 15% the difference increases to 11%. These results
can be explained by the higher porosity of the series with CR reported
previously.
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Fig. 9. Capillarity at 28 days.
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When GP alone is used, considerable decreases in capillarity were
observed with respect to CM. Thus, when 10% GP is used for GP sizes of
38 pm and 45 pm, the capillarity decreases by 29% and 26%, respec-
tively, which may be related to the low absorption of GP.

When both wastes are used together, the series present capillarity
values close to or lower than the CM. When 10% rubber is used, the
capillarity values are lower by 7% and 3% for GP sizes of 38 pm and 45
pm, respectively. In contrast, when 15% CR is used, the capillarity
values with respect to CM are higher by 1% and 3% for GP sizes of 38 pm
and 45 pm, respectively. This reflects the benefit of the synergistic effect
of both wastes, similar to what was observed in water absorption and
porosity. Balasubramanian et al. (2021) studied the joint use of glass
powder with electronic plastic. In analysing the various properties, they
conclude that the use of both wastes performs better than the use of
appliance plastic alone, which they attribute to the synergistic effect,
which restored the pore filling and elasticity of the mixtures.

3.6. Ultrasonic pulse velocity

From Fig. 10, it is observed that when using CR the ultrasonic pulse
velocity (UPV) decreases as the percentage of rubber replacement in-
creases by percentages of 34% and 41% when using 10% and 15% CR,
respectively. According to Assaggaf et al. (2021), the decrease in UPV
values is due to the increase in acoustic vibration absorption due to the
increase in porosity.

It can be observed that, as expected, as the rubber content in mortar
increases, the pulse velocity decreases, and, therefore, the mortar
strength decreases. This reduction is probably due to the relative slow-
ing of the ultrasonic pulses when passing through cracks, voids and air
or water filled defects caused by the addition of rubber aggregates. In
addition, rubber aggregates have a higher sound isolation coefficient
than mineral aggregates (Ramdani et al., 2019).

On the other hand, when GP alone is used, UPV values very close to
the control series are observed, with losses of only 5% and 4% when 10%
GP is used for GP sizes of 38 pm and 45 pm. According to several authors
(Huynh et al., 2018; Letelier et al., 2019b), smaller particle sizes
generate a filling effect, which allows the production of more compact
matrices and denser structure.

When both wastes are used, the UPV values decrease in high pro-
portions, mainly affected by the use of rubber. When 10% CR is used,
with respect to the control series, the UPV values decrease by 34% and
35% for GP sizes of 38 ym and 45 pm. When 15% CR is used, the UPV
values decrease by 36% and 37% for GP sizes of 38 pm and 45 pm.
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Fig. 10. Ultrasonic pulse velocity at 28 days.
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3.7. Thermal conductivity

According to Fig. 11, the use of CR significantly improved the ther-
mal performance of the samples. Compared to CM, replacement with
10% and 15% CR decreased the conductivity by an average of 21% and
29%, respectively. These data coincide with the results of several studies
where it is observed that the replacement of natural aggregates with
rubber decreases the thermal conductivity of concrete. This is due, on
the one hand, to the air trapped in the mixture as a result of the poor
adhesion of the cement mortar to the rubber surface (de Souza Kaz-
mierczak et al., 2020; Marie, 2017), and on the other to the low thermal
conductivity of rubber with respect to NA, which have values of 0.16
W/mK and 3.5 W/mK, respectively (Letelier et al., 2021).

When GP is used, the thermal conductivity values are slightly lower
than the reference series, with decreases of 1% and 2% when using GP
sizes of 38 pm and 45 pm. Boukhelf et al. (2021) consider that this
decrease is related to the porosity increases of the series with GP.
However, these decreases are slight due to the low percentages of GP
used.

When both wastes are used together, the thermal conductivity is
clearly influenced by the use of CR. When 10% rubber is used, the
thermal conductivity values are lower by 12% and 16% for GP sizes of
38 pm and 45 pm, respectively. In contrast, when 15% CR is used, the
conductivity values with respect to CM are lower by 25% and 27% for
GP sizes of 38 pm and 45 pm, respectively.

3.8. Compressive strength

Fig. 12 shows the behaviour of the compressive strength of the series
under study at 7, 14 and 28 days. As can be seen, in all the series, the use
of rubber particles significantly reduces the compressive strength. In the
series where only rubber is replaced, the 28 day strength losses are 38%
and 53% for CR replacements of 10% and 15%, respectively. According
to Ren et al. (2022), the main reasons for the decrease in strength are (1)
the hydrophobic nature of rubber, causing weak ITZ performance, (2) a
lower modulus of elasticity, which induces high stress concentrations
and crack propagation, and (3) non-uniform distribution attributed to its
low density.

In the case of cement replacement by GP, it is possible to observe
values much closer to the control series with differences at 28 days of 8%
and 17% for GP replacements of 38 pm and 45 pm, respectively. It is
observed that the strength of the series is affected by the GP particle size,
with mortars with finer GP particles reaching higher strengths. Ac-
cording to Letelier et al. (2019a), this is mainly due to the combined
effect of the physical and pozzolanic properties of GP particles smaller
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than 45 pm. First, the finer GP particles have a filler effect, reducing the
pore volume in the hardened matrix. On the other hand, the reaction
between the amorphous GP compounds, such as alumina and silica, with
portlandite produces silicate/aluminate hydrates similar to those pro-
duced as a result of cement hydration.

When both wastes are used simultaneously, a high influence of the
use of CR is observed which causes a notable decrease in compressive
strength. When 10% CR is used, the compressive strength values are
lower by 48% and 50% for GP sizes of 38 pm and 45 pm, respectively. In
contrast, when 15% CR is used, the strength values with respect to the
CM are lower by 56% and 59% for GP sizes of 38 pm and 45 pm,
respectively. In contrast with the synergistic effect discussed in the
porosity and capillarity properties, in the case of mechanical properties,
a clear negative effect of the use of CR is observed for the reasons dis-
cussed above.

3.9. Flexural strength

Fig. 13 shows the flexural strength behaviour of the series under
study at 7, 14 and 28 days. Similar to the compressive behaviour, in all
series the use of rubber particles significantly reduces the flexural
strength. In the series where only rubber is replaced, the losses with
respect to the control series at 28 days are 19% and 35% for 10% and
15% CR replacements, respectively. According to Alwesabi et al. (2020),
the reduction in flexural strength is attributed to the weak bond between
the mortar/aggregate and the rubber, which increases the stress con-
centration and accelerates crack propagation.

In the case of cement replacement by GP, the values obtained are
closer to the control series, with differences at 28 days of 3% and 5% for
GP replacements of 38 pm and 45 pm, respectively. Similar to the
compressive strength, it is observed that the strength of the series is
affected by the GP particle size, although this influence is less in the case
of flexural strength.

When both wastes are used simultaneously, a behaviour influenced
by the use of CR is observed. When 10% CR is used, the flexural strength
values are lower by 27% and 30% for GP sizes of 38 pm and 45 pm,
respectively. In contrast, when 15% CR is used, the flexural strength
values with respect to CM are lower by 32% and 35% for GP sizes of 38
pm and 45 pm, respectively.

4. Conclusions

The main conclusions that can be drawn from the results analysed
can be summarised as follows:

As reported in other investigations, the use of CR reduced the me-
chanical performance of the series in up to 53% and 35%, mainly
associated with compressive and flexural strength, respectively. How-
ever, the combined use with GP improved the porosity, water absorption
and capillarity of the specimens, obtaining values close to those of the
control series, with an increase of 6% and 3% for water absorption and
capillarity respectively, and a decrease of 5% for porosity. This result,
along with the excellent thermal behaviour of the samples with CR that
achieved values up to 29% lower than the CM, would confirm that the
possible use of CR with GP can become an alternative for the revalori-
zation of used tyre and glass waste in mortars with higher thermal
performance, which do not require high mechanical strengths but
greater impermeability.

On the other hand, although the decrease in the GP particle size
improves the physical and mechanical behaviour of the series, mainly
due to the greater filler effect of the particles, the influence is not sig-
nificant enough to compensate for the energy required to obtain parti-
cles of a smaller size.
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