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Abstract

Concrete consists of cement, water, fine aggregate, coarse aggregate, and air. The cement manufacturing process is respon-
sible for a large carbon dioxide emission. Therefore, several research have been conducted to find advantageous substitute
materials, even if only partially. Waste glass emerges as an alternative because it is a non-biodegradable inert material,
with a high recycling rate and low cost. Several studies on recycled glass as a partial substitute for cement in concrete have
already been conducted in terms of workability, strength, and properties, but few have reviewed the durability properties of
concrete incorporating glass waste. It is a fact that durability is of great importance for the performance of concrete, because
compromising it can lead to the emergence of pathologies. This article aims to carry out a study on the durability of concrete
with the replacement of cement by glass waste, to verify its performance in relation to conventional concrete, identifying
the advantages that attest to its use in civil construction as an alternative to concrete to be used in buildings, whether in new

constructions or in the process of rehabilitation or maintenance.
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1 Introduction

Concrete is a composite material consisting of cement,
water, fine aggregate (sand), coarse aggregate (stone or
gravel) and air. It is considered the world's main building
material and its worldwide consumption is estimated at 1.7
tons for every living human being [7]. Ordinary Portland
cement, or hydraulic cement, is the key component of a
country's construction industry and is made primarily of
very fine ground clinker, which is composed of hydrauli-
cally active calcium and silicate minerals formed by the high
temperature burning of limestone and other materials in a
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kiln. The adjective "hydraulic" refers to the ability of cement
to consolidate (stiffen and hold a shape) and harden in the
presence of a lot of water [26].

In its manufacturing process, cement is responsible for
the emission of various gases, especially carbon dioxide
(CO,). 7 to 8% of all CO, emissions (approximately 1.4 bil-
lion tons/year) are due to the production of ordinary Portland
cement [15, 17]. Data indicate that for every ton of clinker
produced 870 kg of CO, are released into the atmosphere
[23]. In addition, it is observed that the production of 1 ton
of cement consumes around 1.6 tons of natural resources
[13].

In this context, the scientific community has conducted
much research to find advantageous materials as a substitute,
even partially, for cement. Among the studies, the most usual
waste mineral additions are blast furnace slag, fly ash, silica
fume and rice husk ash. More recent research has shown the
pozzolanic potential of sugarcane bagasse ash and vitreous
waste [24].

The global supply of waste glass accounts for approxi-
mately 3% (130 million tons) of total cement consumption
[12]. In the United States, for example, glass recycling
accounts for only 2.99 million tons of glass against glass
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production of around 11.5 million tons [21]. On the other
hand, Brazil produces an average of 980,000 tons of glass in
the form of packaging and recycles 47% of that volume [14].
Impurities, type, color, and lack of sorting facilities hinder
reuse and usually end up in stockpiles or landfills [3, 8].

Therefore, glass waste management can be considered as
one of the main challenges faced by researchers and scien-
tists worldwide due to the lack of open areas and landfills,
the low recycling rate, and the absence of sufficient open
area spaces [20, 27]. When glass is incorporated into con-
crete, it is cleaned of dirt and impurities, crushed in specific
machines, and ground into different sizes of coarse, fine, and
powdered glass particles. The use in concrete manufacturing
is a favorable practice that can assist in absorbing a consider-
able amount of glass waste [18].

Previous studies have investigated the effect of glass addi-
tion, mixed with pozzolanic material, on concrete durabil-
ity. Most have indicated improved concrete properties as a
function of fineness and replacement level. Glass can be
added in crushed or powdered form along with plasticizer
additives or without the addition of any of the alternative
materials in concrete [25]. However, the addition of this
alternative material needs to be thoroughly reviewed to jus-
tify and emphasize the effectiveness of using recycled glass
as a partial replacement for cement. The addition of glass
to concrete leads to some strength and durability properties
and it is possible to add it by partially replacing any of the
ingredients in any form of glass [1].

Several studies on recycled glass as a partial replace-
ment for cement in concrete have been reported in terms
of workability, strength, and properties. However, few have
reviewed the durability properties of concrete incorporating
waste glass as a partial replacement to cement. Durability
is of great importance for concrete performance, as it is not
specified only by its fresh or mechanical properties. Thus,
this paper aims to conduct a study on the durability of con-
crete with cement replacement by waste glass in the propor-
tions of 10 and 20%, to verify the performance compared to
conventional concrete, identifying the advantages that attest
to the use of this material in civil construction, thus avoiding
the emergence of pathological problems in concrete.

2 Methodology

The analysis procedure for the durability of concrete with
partial replacement of cement by glass talc started with the
dosage of mixtures to obtain concrete with 30 and 40 MPa

compressive strength. With this, reference concrete and con-
crete with partial replacement of 10 and 20% in relation to
the mass of cement were produced. Water penetration under
pressure, chloride migration and electrical resistivity tests were
performed to evaluate the durability properties of the concrete.
For all tests, it was necessary to rectify the specimens so that
the lower and upper surfaces were regular.

2.1 Mix design and procedure

Glass waste is a non-biodegradable inert material, with high
recycling rate and low cost. It is observed in its composition
a large amount of silica oxide, which can present pozzolanic
characteristics, which in turn bring positive results regarding
the mechanical properties of concrete [9], favoring its dura-
bility. Table 1 shows the composition of the glass talc used
in this work.

The ordinary Portland cement and the white waste glass
used, presented, specific masses equal to 2.90 and 2.59 g/cm’®,
respectively and have the granulometric curve shown in Fig. 1,
performed through a laser granulometry. For the waste glass,
the diameter at 10% (D10) is 5.45 pm, diameter at 50% (D50)
is 21.52 pm, diameter at 98% (D98) is 116.32 pm, and aver-
age diameter is 32.60 pm. As for the Portland cement used,
there is a D10 of 4.04 pm, diameter at 50% (D50) of 12.46 pm,
diameter at 98% (D98) of 70.87 pm and average diameter of
18.84 pm. As fine aggregates were used the river sand with
maximum diameter of the aggregate of 4.75 mm and artificial
gravel dust with DMC of 4.75 mm, and as coarse aggregates,
there is the gravel 0 with DMC of 9.5 mm and gravel 1 with
DMC of 19 mm.

The Portland cement, sands and gravel were collected at
the Apodi Distribution Center in the city of Fortaleza—DBrazil.
The white waste glass was supplied by Eco Engenharia e Dis-
tribui¢do, being the result of a grinding process of windshield
glass sent for recycling.

The mixtures considered for this work were 30 and 40 MPa,
which were molded in three types: the reference (RC), without
partial replacement of ordinary Portland cement by white glass
talc, and the 10% (CG10) and 20% (CG20), both with par-
tial replacement of white glass talc in relation to the cement.
The materials used were ordinary Portland cement type CP-V,
white glass talc, natural river sand and artificial stone pow-
der sand, crushed stones 0 and 1, polyfunctional additive and
water, as shown in Table 2. After concrete production, the
specimens were molded according to NBR 7215 and submit-
ted to wet curing for 28 days to perform the durability tests.

Table 1 Oxides compositions of

Oxides SiO
the white waste glass rces .

ALO,

Fe,04 CaO

MgO SO, Na,O K,O0 PF Cr,0;

% 65.17 0.92

10.38 3.58 0.29 16.60  0.23 1.34  0.05
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The production methodology of the concretes was per-
formed in the free fall concrete mixer following these steps:
(1) 1-min mixing of coarse aggregates with 10% water; (ii)
addition of homogenized binders and 80% of water and mix-
ing for 4 min; (iii) addition of fine aggregates and mixing for

10 0.0 00.0
Diameters (um)

(b)

4 min; (iv) addition of the remaining 10% water and mixing
for 2 min.
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Table 2 Formulation of the used concretes

TRACO Fck (Mpa) CP-V (kg/m®) Glass Natural ~ Artificial ~ Gravel 0 Gravel 1 (kg/m?) SP (kg/m?) Water (kg/m?)
powder sand (kg/ sand (kg/  (kg/m®)
(kg/m’)  m’) m’)
Reference concrete 30 10.72 - 14.62 9.75 6.70 26.78 0.08 6.43
(RC—30)
Reference concrete 40 13.76 - 12.89 8.57 6.69 26,79 0.11 6.67
(RC—40)
Concrete with 30 9.65 0.96 14.62 9.75 6.70 26.78 0.08 6.43
glass—10%
(CG10-30)
Concrete with 40 12.38 1.23 12.89 8.57 6.69 26.79 0.11 6.67
glass—10%
(CG10-40)
Concrete with 30 8.58 1.92 14.62 9.75 6.70 26.78 0.08 6.43
glass—20%
(CG20-30)
Concrete with 40 9.90 2.46 12.89 8.57 6.69 26.79 0.11 6.67
glass—20%
(CG20-40)

2.2 Pressure water penetration test

The test was performed based on the standard NBR 10787
[6]—Hardened concrete—determination of water penetra-
tion under pressure. The experimental procedure aims to
analyze the depth of water penetration at a controlled pres-
sure. The test consists in using three specimens with dimen-
sions of 10 cm in diameter and 20 cm in height, previously
air dried for a period of 24 h before the start of the test after
28 days of wet curing (Fig. 2).

After positioning the specimens in the equipment, the
register is opened for water intake, allowing it to fill the
entire volume of the reservoir and pipes. After this pro-
cedure, the water admission valve for the specimens is
opened. Initially and for a period of 48 h, a pressure of

Fig.2 Pressure water penetra-
tion test
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0.1 MPa is applied. After this, the pressure is increased
to 0.3 MPa for 24 h. Finally, the pressure is increased to
0.7 MPa for the final 24 h.

After these steps, all the confined pressure is released
so that the specimens are removed from the assembly.
Immediately after this procedure, they are broken in half,
orthogonally to the face where the pressure was applied,
and the depth of water penetration is measured.

2.3 Chloride migration test

An apparatus suggested by Andrade [4] and developed by
Ribeiro [22], based on ASTM C 1202:19 ("Standard Test
Method for Electrical Indication of Concrete's Ability to
Resist Chloride Ion Penetration") was used. The test is

Specimens
- (10 cm x 20cm)

Plumbing for
pressurized water

>

»  Pressure plate
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composed of two chambers: one with a 3% Sodium Chlo-
ride solution and the other with 0.3 N sodium hydroxide.
Two specimens are sawed, resulting in a total of 4 specimens
of 10 cm in diameter and 5 cm in height for the test. The
chloride flux is accelerated by means of an electric field,
with a potential difference of 60 V, applied between the two
chambers of the diffusion cell, with the help of two metallic
electrodes as shown in Fig. 3. The test was performed after
28 days of wet curing by measuring the current intensity in
Coulombs every 30 min, for 6 h. The objective is to calculate
a charge in Coulomb associated with the migration of these
chlorides through the specimen.

To obtain the results, the current intensity was measured,
in Coulombs, every 30 min and during a total period of 6 h
of testing. Using the equipment, it is possible to obtain chlo-
ride ion penetrability parameters based on the passing charge
obtained in the test. The formula for obtaining the passing
load is given by:

0 =900 = (I + 2L30+2l gy + -+ + 21300 + 20530 + I3g0) (1)

where: Q is the passing load, I, are the current (amperes) at
t min after voltage is applied.

However, a correction must be made to the value of Q
because the result of the load passing through the equipment
is given for a PC with dimensions 9.5 X5 cm and not the one
with dimensions 10 X 5 cm, which was used. Thus, the cor-
rection equation is given by:

2
Q=0 % 2) 2
0
where: Q is the average passing load, Qx is passing load for
95 mm PC and Qs is corrected passing load for 100 mm PC.

The test assumes a direct relationship between the amount
of through charge and chloride flow, therefore, a large
amount of through charge represents a large "permeability”
of concrete to chlorides [4]. Thus, with the passing load it is
possible to measure, according to Table 3, the penetration

Fig.3 Chloride migration test
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rate of chlorides. The test readings are shown in the results
item.

2.4 Electrical resistivity test

According to Halliday et al. [10], the electrical resistivity
can be considered as the difficulty of electric current passing
through an object, obtained by multiplying the ratio between
the voltage that is applied and the current that results with a
cell constant. The electrical resistivity is seen as one of the
main parameters to evaluate the corrosion of reinforcement
embedded in concrete [11].

For the evaluation of the concretes CR, CG10 and CG20,
4 specimens of each were used after 28 days of wet curing.
To obtain the electrical resistivity indicator, it was followed
with the guidelines of NBR 9204:2012 [5], being neces-
sary that the upper and lower surfaces of the specimens had
a good contact surface, which was obtained after the rec-
tification process. After rectification, the measurements of
the new dimensions of the specimens (diameter and height)
were performed. The resistivity measuring principle con-
sisted in applying a potential difference between two or more
electrodes, positioned on opposite sides or on the same side
of the specimen, aligned and pressed against the surface.
Thus, the relationship between the applied voltage and the
measured current provides the resistance of the current flow,

Table 3 Chloride ion penetration as a function of the passing charge

Penetration of
chloride ions

Through charge (Coulombs)

(S)
> 4000 Alta
2.000—4.000 Moderada
1.000-2.000 Baixa
1.00-1.000 Muito baixa
<100 Insignificante
Adapted ASTM C1202 [2]

Battery for the
v application of
potential difference

Chamber initially

~ " containing 0.3N

sodium hydroxide
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in accordance with Ohm's law. For the analysis, the Resipod
equipment from Proceq SA was used (Fig. 4).

The electrical resistivity (p) is determined by multiplying
the resistance (R) by a correction factor, called cell con-
stant (K), and depends on the dimensions of the specimen
in which the resistivity measurements were taken, being the
ratio of the section area by the length of the specimen [22].
By the description we have that:

p = K = Rcorrigido 3)

where: p is the electrical resistivity (kQ.cm); K is the cell
constant (cm); R is the Resipod device reading (k€2) and
Rcorrigido=R/2za (k€2). The obtained values were com-
pared to the evaluation criteria according to Table 4.

3 Experimental results
3.1 Penetration of water under pressure

The average of the maximum penetration of water under
pressure is shown in Fig. 5a. Figure 5b shows the rupture
of two specimens, which were performed orthogonal to the
face where the pressure was applied. It was observed that the
highest average of water penetration is 65 mm in the CG20-
40 concrete. For the 30 MPa concrete, similar average values
of water penetration under pressure were observed, ranging
between 32.67 and 36.67. For concretes of 40 MPa, it was
observed that the higher the percentage of glass, higher the
water penetration. This fact may be related to the grain sizes
of the glass waste, which are larger than those of the cement,
reducing the filler effect.

Despite the variation in water penetration values, accord-
ing to Neville and Brooks [19], the values found are con-
sidered low, except for CG20-40. Neville and Brooks [19]
argues that a concrete in which the penetration measurement

Fig.4 Electrical resistivity test
Electrode <«

A
Electric boards

W
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Table 4 Criteria for evaluating electrical resistivity

Concrete resistivity (kQ cm) Risk of corrosion

>20 Negligible

10-20 Low probability
5-10 High probability

<5 Very high probability

Adapted CEB, 1989

of less than 50 mm is obtained is classified as "imperme-
able", and if less than 30 mm, it is classified as "imperme-
able under aggressive conditions". However, it is important
to note that concrete permeability can be influenced by many
factors, such as: compaction, curing, differences in mate-
rial homogeneity, among others [6]. This fact is positive
in relation to the durability of concrete with glass, since it
showed low ability to be traversed by fluid even under pres-
sure, which can avoid the action of external agents harmful
to the material.

3.2 Chloride migration

From the electric current data over time, the average pass-
ing charges for each type of concrete were calculated and
are presented in Fig. 6. For the 30 MPa concrete the glass
replacement caused an increase in the current, and the con-
sequent higher passage of chloride ions. For the 40 MPa
concretes, the same occurred, except for CG20-40, which
presented the lowest average passing load, representing the
lowest passage of chloride ions. Even with the differences,
all concrete fits into the same classification, although in most
cases, mixtures with glass presented higher values of chlo-
ride penetration. It is then observed, after data correction,
that all concretes are classified as moderate with respect to
chloride ion penetration (Table 3), in accordance with the
average passing load limits established in the test standard
(2000 C < Q<4000 C).

Resistance
meter

» Specimen
(10cmx20cm)
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3.3 Electrical resistivity

Figure 7 shows the electrical resistivity values of the stud-
ied concretes. The use of white waste glass in the 30 MPa
concrete favored an increase in electrical resistivity. For the
40 MPa concretes, the inverse occurred with the percentage
increase of glass substitution. The concretes RC-40, CG10-
30 and CG20-30 were classified as low probability of cor-
rosion risk and concretes RC-30, CG10-40, and CG20-40 as

RC-40

CG10-30 (CG10-40 CG20-30 CG20-40

Specimen

high probability of corrosion risk, according to Table 4. In
accordance with Medeiros Junior et al. [16], it is related to
concrete permeability and its resistance to the penetration of
aggressive agents (CO, and chlorides). Despite the different
classifications, the electrical resistivity test did not demon-
strate significant differences between the studied materials.
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Fig.7 Electrical resistivity test 14
results
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4 Conclusions

This research aimed to contribute to the durability analy-
sis of concrete with alternative materials, to predict future
pathological manifestations in buildings. In the case of the
white waste glass in this research, it sought to validate its use
in concrete, from the analysis of the changes in properties
obtained as a result of the replacement of Portland cement
by the glassy residue.

From the results of the experimental tests, for the water
penetration under pressure test, it can be concluded that
from a certain value of cement replacement by glass waste,
with its current granulometry, a more porous concrete is
obtained. Regarding the chloride migration test, it can be
concluded that there were no significant differences among
the concretes under study and that all of them fit the same
classification concerning chloride ion penetrability, although
in the majority, mixtures with glass waste have presented
higher chloride penetration values. For the electrical resistiv-
ity tests, it was found that the results of the concretes were
classified with low probability of corrosion risk for some
concretes such as RC-40, CG10-30 and CG20-30, and high
probability of corrosion for concretes RC-30, CG10-40, and
CG20-40, with no great differences in classification among
the concretes.

Despite having shown, in general, inferior results when
compared to Portland cement concrete, the concrete with
replacement by white glass waste presented a positive per-
formance regarding durability, since it has low porosity
and low capacity to be crossed by fluid even under pres-
sure, preventing the action of external agents harmful to
the material. Thus, the material can be considered a viable

@ Springer

RC-40

CG10-30 CG10-40 (CG20-30 CG20-40
Specimen

option for use mainly in environments that have lower or
moderate classes of environmental aggressiveness.

Given all the above, it can be affirmed that white glass
waste is a viable alternative as a partial replacement for
Portland cement. The main advantage in civil construction
is the production of a more sustainable concrete, with a
smaller amount of cement use, thus reducing costs with the
purchase of Portland cement. In addition, the tests point
to the viability of it uses in construction or maintenance
of buildings that are mainly in environments with weaker
or moderate environmental aggressiveness class, as indi-
cated in the NBR 6118:2014. This fact demonstrates that
concrete with the partial replacement of cement by white
glass waste can provide an alternative to the construction
and rehabilitation processes of buildings.

For future research, it is suggested the use of waste
glass in smaller maximum diameters, as well as the eval-
uation in percentages between 10 and 20% to obtain an
optimum percentage for use of the material to improve its
filler effect and its durability properties, avoiding future
pathological manifestations.
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