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Abstract
Partial substitution of aggregates for pieces of glass in concrete contributes to
reducing the use this resource and preserving the environment for future
generations. However, concretes or mortars mixed with crushed glass can
deteriorate within a few years, because of the alkali-silica reaction related to
the size of glass pieces. Some investigations were carried out in order to find
out how to bring down this phenomenon. Different percentages of glass
powder were mixed with mortar made from sand, cement and crushed glass
pieces of which diameter is between 1 and 5 mm. Products obtained were
submitted to flexural testing, compressive strength testing and resistance to
acid attack and Scanning Electron microscopy (SEM) observations were
made after a period running from 28 to 180 days of drying. The results show
an increase in the mechanical properties of products with glass powder and
an improvement in the durability of mortar in acidic environment. Such improvements are related to the enhanced adhesion created between crushed
glass pieces and cementitious matrix containing glass powder as a result of
pozzolanic reaction.
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1. Introduction
Every year, millions of tons of glass bottles are produced worldwide. Industries
located in the European Union, China and the United States produce about 33
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Mt (million tons), 32 Mt and 20 Mt respectively [1]. These bottles are used to
store products and are distributed worldwide where they turned out to be
non-biodegradable waste. In developed countries, a greater or lesser proportion
(depending on the country) is recycled, while a large number is disposed of in
landfills. In France, for example, the glass recycling rate is about 75% [2]. It can
reach 77.9%, or 3 out of 4 bottles, 100% of which come from the glass collection
system [3]. In contrast, in Quebec in 2018, 28% of glass is sent for recycling [4].
Unlike in developing countries, where there is no bottle sealing and recycling
system, bottles are found in streams, lagoons and swamps. In Côte d’Ivoire, for
example, millions of these bottles are thrown into the wild every year, where
they become larval sites for the proliferation of disease-causing agents associated
with stagnant water such as malaria. According to [5] 435,000 people died from
malaria in 2017. The African region alone accounts for 93% of the total number
of people who died from malaria. Glass bottles are a real environmental issue. In
order to reduce this high mortality rate and especially the environmental impact
caused by glass bottles, attempts must be made to recover them in the construction sector. It can be an excellent way to develop an economic and environmentally friendly infrastructure.
In the literature, several publications have been produced by authors on this
subject. Thus, some researchers have used glass bottles as aggregates (diameter >
1 mm) in concrete or mortar and even in tile making [6]. However, possible alkali-silica reactions in these materials may prevent their use by the general public. Indeed, alkali-silica reactions (ASR) have many consequences, the most
alarming of which are irreversible swellings that result in cracks in structures, a
decrease in the mechanical properties of the affected concrete [7] [8] [9]. These
reactions occur when the alkaline ions contained in a porous solution react with
the reactive silica of the aggregates. However, according to [10] [11] there are
many alkaline sources. Nevertheless, cement is the main alkaline source (Na+
and K+) that are released into the interstitial solution during hydration (Figure
1) [12]. As a result, though the reaction cannot be stopped, it must be slowed
down or the reaction of free silica inhibited. Conversely, other researchers have
used glass powder (diameter < 140 µm) as a mineral addition in cement or concrete [13] [14] [15]. They affirm the existence of a pozzolanic reaction between
glass powder and cement that allows the improvement of concretes and mortars
performance. However, using only glass powder will require a high level of
grinding that requires a lot of energy. In addition, it quickly wears out the mill
parts due to glass abrasiveness.
This project therefore aims to explore another approach to glass bottle use in
construction. By using crushed glass with a particle size of less than 2 mm, it is
possible to save up the grinding time and take advantage of the pozzolanic reaction to slow down the alkali-silica reaction. The purpose of this project is to
highlight the effects of glass powder on the alkaline silica reaction in an alkaline
medium. For this purpose, crushed glass bottles will partially replace the sand in
the mortars.
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Figure 1. Variation of mineral quantity in the cement mortar for
different times (C-S-H: Calcium Silicate Hydrate) [16].

Sand is a natural raw material resulting from the alteration of rocks. According to “Wentworth Modifiée” and “Gardistat”, sand consists of particles between
0.063 mm and 2 mm in size [17]. In Côte d’Ivoire, the sand used for construction is extracted from rivers and lagoons. This activity modifies the aquatic ecosystem and affects the development of benthic and digging aquatic animals. In
this way, replacing sand with crushed glass bottles will increase the proportion of
glass recycling in building materials and protect this aquatic environment.
Therefore, this work specifically aims to determine the optimum rate of sand
substitution by glass and reduce the use of lagoon sand.

2. Material and Experimental Methodology
2.1. Hardware Properties
2.1.1. Cement
The cement used in this study is white cement of CEM I type and 52.5 MPa
class. Its specific surface area determined by Blaine method is 3820 cm2/g. Its
chemical composition is given in Table 1. The content in alkaline (KO + Na2O)
0.3% and in SO3 2.47% are within the limits set by [18] which are respectively
0.66% - 0.90% and less than 3%.
2.1.2. Aggregates
The aggregates used were classified in two groups according to their size: fine
aggregates and coarse aggregates.
- Fine aggregates (diameter < 2 mm), mainly sand and crushed glass powder.
The sand was extracted from the lagoon. Its particle size distributions shown
in Figure 2 were determined by using sieve column. Its fineness modulus and
sand equivalent are respectively 2.15% and 97.5%.
Figure 3 shows X-ray diffractogram of sand obtained by using X-ray diffractometer with Co-Kα radiation. The peaks were identified with a software called
“diffract plus Evra version 12” which indicate that sand was constituted essentially of quartz grains (SiO2) (Figure 3). The glass powder was obtained by grindDOI: 10.4236/msa.2019.1012055
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ing used bottle. The two types of bottle used were brown bottles (PBB) and green
bottles (PBV). These glass powders particle size distributions and chemical
compositions were determined respectively by using sedimentology and X-ray
fluorescence analysis.
Figure 4 and Table 2 show the particle size and chemical composition of
these two types of glass powder. Their proportion in SiO2 + Al2O3 + Fe2O3 is
65.78% and 69.84% respectively for green and brown colored bottles. The SO3
content is less than 0.1%. Brown bottles can be considered as pozzolans, since
the sum SiO2 + Al2O3 + Fe2O3 is approximately 70% and the SO3 content is lower
than the maximum limit value of 4%. In contrast, brown bottles do not meet all
the ASTM C618 requirements so, they are not pozzolans [19]. According to [20],
the chemical compositions of clear glass powder and colored glass powder are
very similar. So, these materials could be considered as pozzolanic materials. The
fineness modules and the Blaine-specific surfaces of both glass powder are respectively 1.44; 1121 cm2/g and 1.85; 906 cm2/g for both brown and green bottles.
- Coarse aggregates (2 mm < diameter < 5 mm) are broken shards of crushed
brown bottles. They were chosen because their chemical composition does
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Figure 2. Sand particles size distribution.

Figure 3. X-ray diffractogram of sand (q) quartz.
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Figure 4. Particles size distribution of glass powders.
Table 1. Chemical composition of cement.
Oxides

SiO2

Content
18.40
(%)

AL2O3 Fe2O3
3.70

3.35

CaO

MgO K2O Na2O MnO SO3

TiO2 SrO

67.36

0.07

0.10

0.29

0.01

0.07

2.47

0.05

Cr2O3
1.73

Table 2. Chemical composition of bottles.
Oxides

SiO2 AL2O3 Fe2O3 CaO MgO K2O Na2O BaO

SO3

TiO2

SrO Cr2O3 P2O5

PBB (%) 62.80

1.60

1.38 10.10 1.15 0.57 17.50 <0.01 <0.10 <0.05 0.02 <0.62 <0.01

PBV (%) 67.20

1.58

0.46 10.10 1.06 0.53 17.70 <0.08 <0.09

0.09

0.04 0.22 <0.02

2.2. Sample Production
Mortars are made with sand (25%), cement (21%) and coarse aggregates (54%).
They were prepared according to [21]. The amount of mixing water was kept
regular for all samples: W/C = 0.6. Some glass powder is added in substitution
for sand. The percentage of substitution varies from 10% to 65% for each type of
bottle. Samples of mortars 40 × 40 × 160 mm3 were made according to [22]. After 24 hours, those samples were demolded and stored in water up to 28 days.

2.3. Test Methods
2.3.1. Flexural and Compressive Strength Tests
The compressive and flexural strength of mortars were made as per NF EN
1015-11 [23] using a hydraulic press made by the brand CONTROLS. A test was
carried out under constant load of 5 N·s−1 after 2 days, 7 days and 28 days [24].
Three samples (40 × 40 × 160 mm3) of each composition were submitted under
flexural tests and sample pieces of the same kind were tested under compression
test. So, in all six sample pieces of each composition were made. The compressive and flexural strength values were the average values obtained for these samples. Tests were carried out and the compressive strength values obtained were
used to calculate the compression index (IRc) according to the formula:

IRc = Rdα/Rdo
DOI: 10.4236/msa.2019.1012055
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with Rdα = compressive strength on d = days containing α = % of glass powder;

Rd0 compressive strength on d days containing 0% glass powder.
2.3.2. SEM Observations
The microstructure of mortars was investigated using SEM. The SEM was operated by under vacuum and an accelerated voltage of 15 kV. A working distance
of 3 mm was applied and a tilt was set to 0˚C.
In order to detect the existence of gel (cement hydrates) and highlight the influence of glass powder on this gel, mortars analysis using Energy Dispersive
X-ray Spectroscopy (EDS) was associated to SEM. These tests were performed
on mortars (with and/or without glass powder) at 28 and 180 days of age.
2.3.3. Mortar Bar Test
To evaluate the effect of glass powder about its ability to limit ASR, mortar bar
tests were performed using glass powder as sand partial surrogate. In these test
methods, 24 hours after casting, mortar bars were demolded and soaked in water
for 28 days. Mortar bars were then transferred into a container with 5% HCl solution. Changes in mortar bars’ weights were recorded at various points of time.
The first reading was done right before soaking mortar bars in the 5% HCl solution. Next measurements were made at periodic intervals after soaking in the 5%
HCl solution up to 50 days. Mortar bars with 0%; 10%; 35% and 50% glass
powder were used in this study. Mass loss was calculated to assess the trend in
mortar bars resistance to the attack from the HCl solution. Mass loss was expressed by the following equation.
Δm = 100(M0 − Mt)/M0

(2)

with M0 the sample mass after 28 days curing in water and Mt the sample mass
after soaking in the 5% HCl solution at different days.

3. Results
3.1. Flexural Strength
At 2-, 7- and 28-days, the flexural strength of mortars containing both kind of
glass powder at different dosages in substitution for sand are shown in Table 3.
At an early age of 2 and 7 days, as the glass powder dosage was increased from
0% to 50%, the flexural strength increased for both kinds of glass, but from 50%
to 65% of glass powder, the flexural strength decreased. The same trend is observed in the evolution of the flexural strength for mortars containing both kinds
of glass powder at 28 days. However, a comparison of bending strength gains at
an early age (of 2 and 7 days) and 28 days shows that bending strength gains for
mortars with PBV become greater than those of mortars with PBB at 28 days
(Figure 5). PBV and PBB being finer than sand, its partial substitution for both
kinds of glass powder of which grain size was spread, can improve the flexural
strength of mortars up to a certain substitution rate. On the other hand, change
in PBB’s bending strength gains at 28 days regarding PBV’s bending strength
gains depends on glass powders’ chemistry.
DOI: 10.4236/msa.2019.1012055
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Table 3. Flexural strength of different substitution rates in mortars.
Powder
substitution
(%)

Three point flexural strength (MPa)
2 days

7 days

28 days

PBV (υ)

PBB (υ)

PBV (υ)

PBB (υ)

PBV (υ)

PBB (υ)

0

1.67 (0.36)

1.04 (0.26)

2.94 (0.54)

2.47 (0.42)

3.53 (0.87)

4.97 (0.68)

10

1.84 (0.50)

1.39 (0.30)

3.36 (0.46)

2.86 (0.75)

4.05 (0.79)

5.21 (0.89)

20

1.95 (0.41)

2.64 (0.53)

3.62 (0.69)

3.36 (0.71)

4.24 (0.91)

5.30 (0.82)

35

2.02 (0.55)

2.92 (0.44)

3.84 (0.67)

3.66 (0.80)

4.53 (0.83)

5.35 (0.87)

50

2.86 (0.63)

3.63 (0.46)

3.94 (0.52)

3.91 (0.64)

4.90 (0.79)

5.72 (0.84)

65

1.85 (0.31)

2.91 (0.37)

3.57 (0.39)

3.62 (0.37)

4.17 (0.56)

4.23 (0.68)

υ: Standard deviation.

Figure 5. Variation of bending strength gains in function of glass powder dosage at
different ages.

This is probably due to the pozzolanic action of the glass powder which develops from medium to long term by increasing the resistance to secondary CSH
gel formation and portlandite consumption released by cement hydration [25].
Over 50% substitution rate, the flexural strength decreases for both mortars.
This drop in strength is due to a heterogeneity effect.
DOI: 10.4236/msa.2019.1012055
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3.2. Compression Index
Figure 6 shows the compression index variations of mortars containing different
glass powder dosages. As shown in Figure 6, the compression index also increases for both types of glass powder as doses of glass powder in substitution
for sand increase by up to 50%. The compression indexes of PBB glass powder
are greater than those of PBV glass powder. But at 28 days, the indexes of PBV
glass powder become greater. Same notices were obtained for flexural indexes.
Therefore, the mortar rupture mode was not responsible for those results, but
the presence of glass powder. This suggests that an increase in glass powder dose
in substitution for sand can effectively improve the compressive strength of
mortars because glass powder is known as an effective pozzolanic material according to [19].

3.3. Reaction with HCl Solution
Weakly concentrated HCl solution is used to attack samples with the aim at destroying the current portlandite. This is reflected macroscopically by a mass loss
of samples. Figure 7 shows mortars’ mass loss at different maturation ages. In
general, mass loss decreases while glass powder content increases whatever the
age of the mortar. In addition, the figure also indicates that for samples containing glass from 2 to 28 days of maturation, the mass loss increases while beyond
that period, it decreases with the maturation period except for samples without
glass powder. This variation is due to a reaction between glass powder and portlandite that occurs over time. In fact, during this reaction of portland cement
with water, tricalcium silicate and dicalcium silicate are transformed into calcium silicate and calcium hydroxide or portlandite (Ca(OH)2). Part of the
Ca(OH)2 is involved in the hydration of tricalcium aluminate and tetracalcium
ferroaluminate. What is left over is in the cured cement in the form of solution
or solid. It can generate multiple reactions: ASR and pozzolanic reaction. These
reactions are responsible for damage (ASR) or performance improvement (pozzolanic reaction) of the concrete.

3.4. SEM Observation and EDS Analysis
SEM observations of samples structure show lots of differences (Figure 8). After
180 days of storage, pictures of samples without substitution indicate that cracks
appear in the matrix and on the interfaces of crushed glass matrix (Figure 8(b)
and Figure 8(c)). This does not appear on the pictures of same samples observed
at 28 days of age (Figure 8(a)). On other pictures of samples containing 35%
glass powder at 28 and 180 days, no crack appears neither in the cementing matrix nor on the interfaces of crushed glass matrix (Figure 8(d) and Figure 8(e)).
An EDS analysis of crushed glass matrix interfaces for samples without glass
powder at 180 days indicates the formation of an intermediate compound in
these zones. This compound presents a great content in silicone (Si), a small
quantity of calcium (Ca) and potassium (K) (Figure 9). This composition is
characteristic of the presence of alkali-silica gel [26]. Cracking of the matrix and
DOI: 10.4236/msa.2019.1012055
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crushed glass separation would result from the formation of this compound
(Figure 8(c)).
Difference in samples structure can be explained by the action of glass powder
on micro cracking formation. According to (the authors), there is a reaction between glass powder and cement. This reaction supports micro-cracks development and crushed glass separation from of cementitious matrix. The addition of
glass powder causes another reaction which contributes to improve the structure
by preventing micro cracks and separation of crushed glass-cement interfaces.
This reaction inhibits or contributes to close micro-cracks (Figure 8(d) and
Figure 8(e)). That explains the increase in the mechanical performances, the
density, the decrease of porosity and the attrition rate.

Figure 6. Variation of compression index in function of glass powder dosage at different
ages.
8
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Figure 7. Variation in weight loss of mortars immersed into HCl solution.
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Figure 8. SEM micrographs of mortars containing cement-shard (a)
without glass powder at 28 days (b) without glass powder at 180 days (c)
zoom in mortar without glass powder at 180 days; (d) with 35% of glass
powder at 28 days; (e) with 35% of glass powder at 180 days.

Figure 9. Sample without glass powder at 180 days (a) SEM image (b) EDS
plot of zone near shard.

4. Conclusions
This study deals with the partial substitution of sand for glass powder in sand
cement mortar containing broken glass shards with diameters going from 1 to 5
mm. Different ratios of glass powder were incorporated in mortars and submitted to mechanical tests at 2; 7 and 28 days. The following conclusion can be
DOI: 10.4236/msa.2019.1012055
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drawn from results analysis:
- The presence of broken glass shards in mortars resulted in micro-cracks
formation and matrix detachment although its resistance still increases until
28 days of age. Cement crystallization and alkaline silica reaction were responsible for this phenomenon.
- The addition of glass powder (diameter < 1 mm) improves the flexural and
compressive strength of mortars because of additional CSH formation into
pores. These CSH came from a reaction between the calcium hydroxide released during cement hydration and silicate gel from glass powder.
- The strength increase at 28 days is superior to 20% and 4% strength for mortars without glass powder respectively in compression and flexion when the
glass powder is superior or equal to 10%. It can be understood that if the
mortars’ strength increases less when glass powder increases, an optimum
glass powder content is reached at about 20%.
This study shows that crushed glass and glass powder can be used as aggregates in construction.
The addition of glass powder improves mortars’ mechanical properties (flexural and compressive strengths) over a long-term by forming secondary CSH
which fills into pores and improves particles adhesion to cementitious matrix
and mortars’ resistance to acid solution.
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