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ABSTRACT

The main objective of this paper research is a comparative study on the effect of the glass powder (GP) substitute
from collected and recycled glass waste, as a fine partial cement replacement on the mechanical performance and
durability of high performance concrete (HPC) and ordinary concrete (OC). For this two cement dosing were
used of 400 kg/m3 to formulate OC and 450 kg/m® to formulate HPC, and GP as considered binder like cement
and not as fine addition, hence binder represent the sum of cement with GP (L=C+GP) with which will be made
our two concretes formulation. Two ratios were used for the Water/Binder (W/B), the first W/B=0.35 for the
HPC and the second W/B=0.5 for the OC, this ration is very important to fix the concentration of
superplasticizer. A percentage of 10% and 20% substitution of cement CPA without additions noted CEM | 52.5
by the glass powder with fineness of 3600 cm 2/g are used. The evaluation of the compressive strength was
followed from 7 to 365 days in order to study the behavior of the GP at different ages affected by the cement
dosing and the ratio W/B compared to the reference concrete without GP for the two concretes HPC and OC. At
28 days the strengths of concretes with GP is affected by the replacement of a quantity of cement since the two
reference concretes were superior but beyond this age an inverse behavior is noticed such that results obtained at
age of 365 days seem to be advantageous in terms of savings in the quantity of cement used by interpreting the
compressive strength, and the decrease in quantity of water in the mixtures offers a remarkable difference
between the two concretes studied by using 20 % of GP as replacement of cement.

Keywords: glass powder (GP); cement CPA; partial replacement; ratio W/B; high performance concrete;
ordinary concrete, compressive strength

INTRODUCTION

Due to need in large quantities to meet high demands of construction, economic and
environmental problems are generated by the cement manufacturing industries, high
greenhouse gas emissions, intensive use of energy and extreme exploitation of natural
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resources [1], so the production of cement (binder in construction) is an energy-intensive and
highly polluting process which contributes about 5-8% to global CO2 emissions [2].

The recycling of waste on all these forms in concrete [3-6] has experienced a revolution
during these last years, glass is one of these waste, being a very durable material and infinitely
recyclable, glass is principally composed of silica it is necessary to take advantage of glass
waste and thanks to these advantages, the use of glass in the manufacture of concrete becomes
an interesting subject and many advances have been made in this regard [7].

The glass in concrete can manifest, depending on the size of its particles, two types of
behaviour with antagonistic quansequences: either an alkali-silica reaction type (RAS)
causing adverse effects if the glass is used as glass aggregate or sand [8, 9] at low cost is this
RAS is the result of the reaction of amorphous silica of an aggregate with hydroxyl and
alkaline ions present in the pore solution of the concrete, and which gives rise to a swelling
gel causing the concrete cracking, either a second poozolanic reaction [10] beneficial for the
structure. In order to clarify the difference between the two reactions poozolanic and alkali-
silica, by taking into account all the research work mentioned in the bibliography and mainly
the work of Iddir [11, 12] delaying these two reactions, we have drawn up a diagram
summarizing and well understanding represented by the Figure 1. Also Iddir [11, 12] showed
that pozzolanic activity increases with the fineness of glass particles, confirmed by the
formation C-S-H and a 10% increase in compressive strength, but slight activity is detected
for large drawn glass particles, with swelling and expansion translated by cracks and alkali-
silica gels observed at SEM.

A grinding of the glass to a greater fineness suggests the use of this material as binder after
the work [13, 14] or the silica containing in glass reacts with the lime produced by the
reaction of the cement, thus creating components with binding properties: it’s the poozolanic
reaction.

Glass powder can be used in the manufacture of concretes and these derivatives as a fine
addition by considerate a ratio water/ cement in the formulation or as a cementitious substitute
by replacing a fraction of cement [15, 16] by considering a ratio water/ Binder which sum the
amount of cement and glass powder. The work of [17] showed that working with the two
ration conclude that concretes prepared with W/C are more strength than that prepared with
W/B and justified by the decrease in the water amount by glass powder replacement 20%
cement with CEM 11 42.5, however a firm consistency of concrete has been obtained.

Belouadah [18] in his work approved that concrete with glass powder (5% and 10%
replacement cement) is more advantageous in compressive strength subjected to high
temperature temperatures 20, 200, 400, and 600°C because the hydration of cement and the
pozzolanic reaction are simultaneously promoted.

Cement dosing, fineness, water quantities and aggregates nature have important roles in the
formulation of all concretes [19-21], it define the nature and the future compressive strength,
in literature methods formulation, if we have a high cement dosing and a small amount of
water or E/C less than 0.5 and fine additives (silica fume, slag, fly ash ....) then a high
performance concrete is obtained and if cement dosing is low and big amount of water or E/C
greater than 0.5 an ordinary concrete is resulted. The latest work has reinforced the
understanding of the effect applied by glass waste in the elaboration of concrete, [22] using
several glass fineness in partial replacement of both cement and sand, but introducing steel
fibers and silica fume by working with fixed ration Water-Binder, the result show that use
20% of replacement cement by glass powder and 0% sand replacement gave the best
compressive strength. In the context of chemical durability in a solution NH4NOs3, [23] found
according to a 60-day immersion in this solution the products containing glass powder had a
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better density and a 10% replacement of the cement by the GP was more resistant than the
conventional in GP.

The main objective of this study is to make a comparison between two types of ordinary
and high performance concretes elaborated on the basis of different dosage in cement CPA
without additions usually noted CEM 1 class 52.5, also at different ratio W/B by replacing a
quantity of this cement by the glass powder with fineness of 3600 cm ?/g. A monitoring of the
strength evolution is studied at different ages from 7 to 365 days to explain this GP
substitution, cement dosing and the variation of the W/B ratio.
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Fig. 1. Summary diagram illustrating the two reactions: alkali-silica and pozzolanic
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MATERIALS AND METHODS

Cement

The used cement is the CPA Portland Cement noted CEM | 52.5 without any addition
(95% clincker + 5% gypsum), produced by the Sour EI Ghouzlane cement industrial group
(GICA) located in the wilaya of Bouira (Algeria) and conforms to the norm NF EN 197-1 and
ASTM C150 whose clinker is produced and crushed together with gypsum, which
mineralogical composition as well as chemical composition and physico-mechanical
characteristic of cement are presented respectively in Tables 1 and 2.

Table 1. Chemical characteristics of cement and glass powder, physico-mechanical characteristic of cement

Oxides (% by mass) CEM 1525  Glass Powder  Physical characteristics of cement

SiO, 21.29 70.50 Initial setting time: 2h08min
Al;O3 4.72 1.42 Initial setting time: 5h13min
Fe20s 3.49 0.10 Specific gravity: 3.47
CaO 64.68 8.43 kg/m?®
MgO 0.44 4.01 SSB : 2530
Na,O 0.17 15.28 cm?/g
SO3 2.06 0.25 Normal consistency (%): 25.8
Loss on ignition 1.93 0.22 Compressive strength (MPa)
7d: 45
14d: 50
28d: 56

Table 2. Mineralogical composition of cement CEM |
Constituents CsS C.S CsA C.AF gypsium
Percentage (%) 60.61 15.36 6.6 10.61 5

Glass powder

The glass powder is obtained by selecting only the green and white bottles, cleaned to remove
the paper labels, dried, crushed and finely ground with a specific surface area of 3600 cm 2/g.
The chemical composition is done using X-ray fluorescence (XRF) and particle size curve
and distribution analysis of the glass powder are shown in Table 1 and Figures 2 and 3 by
using Particle size lazer analysis that studies the particle size distribution in dry powder
samples, with the principle of laser diffraction using the principle of diffraction and scattering
of a laser beam hitting a particle. Particles pass through a fixed laser beam. Each particle
diffracts light at an angle that is dependent on its size. The diffracted light is collected by a
multi-element detector then the diffraction image obtained is transformed using an
appropriate optical model and mathematical procedure. Finally, the result, illustrated as a
semi-logarithmic curve, is a particle distribution in volume. The results reveal that the
granulometric distribution is between 0.832 um and 600 pm, the maximum particle size
recorded is about 600um and more than 60% of glass powder particles used have diameter
less than 100 um that the maximum particle size recorded of GP is about 120 pm (see Fig. 3)
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Fig. 2. The glass powder and his MEB image
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Fig. 3. Particle size lazer analysis. a- particle size curve, b- distribution of glass powder




22 ADVANCES IN MATERIALS SCIENCE, Vol. 24, No. 1 (79), March 2024

Aggregates

A mixtures of two different kind sands, fine sand of Boussaada (Algeria) having 6.6% of
the total mass and the second is crushed, natural limestone rock of Sidi Slimane region of
93.4% of total mass while final fineness modulus after homogenization is 2.60.
Gravels are crushed aggregates of the same mineralogical nature as crushed sand, the
principal characteristics of the used aggregates are given in Table 3 and the results of the
particle size aggregates analysis by dry method according to the NF EN 932-2 standard are
represented in Figure 4.

Table 3. Physical characteristics of aggregates

Charactéristics Sand Gravel 3/8 Gravel 8/15
Absolute density (g/cm?) 2.7 2,63 2,77
Bulk density (g/cm?) 1.6 1,42 1,38
Porosity / 1,05 1,50
Absorption / 0,42 0,13
Module of fineness 2.6 / /
d/D 0/4 3/8 8/15

Admixtures SP and water mixture

Ordinary clean water free from suspended particles and chemical substances was used for
both mixing and curing concretes. A water-reducing plasticizer of SIKA VISCOCRETE
TEMPO 12 in accordance with NF EN 934-2 is used as admixture with 2% of cement mass, it
allows to keep a long rheological maintaining (>2H) it improves the stability and decreases
segregation risks. The recommended proportion is 0.1-5% of cement weight according to the
desired performances.
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Fig. 4. Dry sieve analysis of aggregates NF EN 932-2
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Formulation of concretes

Two types of concrete have been formulated one ordinary OC and the other has high
performance HPC, the parameters to vary are:
1- Dosing in cement 400 kg/m® and 450 kg/m?®
2- Percentage of glass powder 10 and 20% replacement of cement mass
3- Variation of the ratio W/B, or B=C+GP with 0.35 and 0.5 where B represents the
binder which is equal to the sum of the cement and the glass powder.

In order to verify, understand and explain the effects of glass powder on the properties of
concretes based cement CEM | without additions a control concrete with 0% GP without glass
powder addition was formulated as reference. The various concrete compositions are
summarized in Table 4.

The specimens were prepared according to the standard NF P 18-400, the mixing of the
concrete is carried out in a cement mixer with a capacity of 30 liters. The glass powder is
mixed with the cement alone and dumped at the same time, without any precaution and at
random. The total mixing time 5min (1 minute of dry mixing and 4 minutes of wet mixing).
Compaction was carried out on a vibrating table for one minute. After 24 hours storage of the
molds in open air, the specimens were demoulded and stored in a tank of fresh water under
laboratory condition at 25 °C (saturating humidity (HR = 100%) and an ambient temperature).

For a better understanding, the following abbreviations are used with detail of the
composition in the Table 4:

HPCR: High performance concrete reference with 0% GP replacement of Cement C and
W/B=0.35

HPC10: High performance concrete with 10% GP replacement of Cement C and W/B=0.35
HPC20: High performance concrete with 20% GP replacement of Cement C and W/B=0.35

OCR: Ordinary concrete reference with 0% of GP replacement of Cement C and W/B=0.5

OC10: Ordinary concrete reference with 10% of GP replacement of Cement C and W/B=0.5
OC20: Ordinary concrete reference with 20% of GP replacement of Cement C and W/B=0.5

Table 4. High performance and ordinary concrete compositions

Unit HPCR  HPCI0 HPC20 OCR  OCI10 0C20

% de GP % 0 10 20 0 10 20
Cement C kg/m? 450 405 360 400 360 320
GP kg/m? 0 45 90 0 40 80
Water I/m? 157.5 157.5 157.5 200 200 200
W/B* / 0.35 0.35 0.35 0.5 05 0.5
W/C** / 0.35 0.38 0.43 0.5 0.55 0.62
Sand kg/m? 602 602 602 624 624 625
G 3/8 kg/m? 210 210 210 215 215 215
G 8/15 kg/m? 995 995 995 1017 1017 1017

SP I/m? 9 9 9 6 6 6

GP: Glass Powder *B: binder, B=C+GP **C: cement



24 ADVANCES IN MATERIALS SCIENCE, Vol. 24, No. 1 (79), March 2024

RESULTS AND DISCUSSION

Fresh properties

Abrams cone test method explained in [17] consists in measuring the slump height of a
truncated cone-shaped volume of fresh concrete. Slump test was carried out according to
standard NF P 18-451, see Figure 5.

Figure 6 shows the variation of the Abrams cone slump of the concretes according to
glass powder percentage variation and the W/B ratios used.
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Fig. 5. Slump test with Abrams cone
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Fig. 6. Slump variations of all concretes

There is an increase in the workability of all concretes with the increase in the percentage
of glass powder for both W/B ratios of either 0.35 or 0.5, this is due on the one hand to the
substitution of the cement part by the glass powder variation of fineness compared to the
HPCR and OCR, so the used addition is finely ground so it fills the pores and releases the
trapped water since the W/C.
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Another explanation for workability increasing with increasing GP content is cement
dilution, which tends to reduce the formation of cement hydration products in the first few
minutes of mixing. Therefore, there are insufficient products to bridge various particles
together [24]. In addition, the cement used in this study had a specific surface area less than
that of the GP, therefore, the total surface area of the cement and GP blend decreased when
using GP as cement replacement. Consequently, the water demand to lubricate particle
surfaces decreased due to the drop in the net particle surface area, and hence the slump flow
for the same W/B.

Nevertheless it is clear that the subsidence of the three ordinary concretes (OCR, OC10,
0C20) formed with a dosage of 400 kg/m® and a W/B equal to 0.5 is greater than those of the
high performance concretes formed with a greater dosage and less quantity of water,
reflection made that the glass powder with the use fineness can of water demand. Also BHPR,
BHP10 and BHP20 can be widely classified in the range of firm concretes and as being
OCR,0C10, OC20 of plastic concrete seen the results of Figure 6.

The more the W/B ratio is reduced the more viscous the concrete is and requires
vibration, the fluidity of concrete is increased with the use of glass powder, due to their small
spherical particles and their huge specific surface that can fill the gap between the cement
grains instead of it being occupied by water and usually causes a reduction in the amount of
water required for workable concrete [24].

Hardened properties

The hydraulic press with maximum capacity of 3000 kN is used in order to evaluate
compressive strength of cylinder (11 x 22) cm dimensions and the flexural tensile tests are
determined on prismatic specimens (7 x 7 x 28) cm?® according to the standard NF EN 12390-
3 (Fig. 7).

= W A .

Fig. 7. a- Compressive test cylinder (16 x 32) cm  b- 3 point flexural test prismatic (7 x 7 x 28 cm?3)

The kinetics of development strength of different concretes according to the dosage of
glass powder over time is presented in Figure 8.

A trend can be observed in concretes with the ratio W/B=0.5 is that the pozzolanic
reaction of glass powder is slower at young age (7 and 28 days) but tends to develop later in
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time (365 days) as shown in Figure 8. Until 28 days, the compressive strength of concretes
with glass powder increased OC10 and OC20 at 365 days to even exceed the strength of OCR
(51.8MP A), which is explained by the pozzolanic reaction, these results are consistent with
previous studies where it is noted that the resistances of ordinary concretes incorporating
glass powder develop over time [25, 26]. This delay in the development of compressive
strength in OC at young age containing glass powder for the ratio W/B=0.5 is due to an
insufficient amount of portlandite produced by the hydration of cement replaced by an
amount of GP and free water can promote an optimal continuation of the pozzolanic reaction
of glass powder.

For the ration W/B=0.35, HPC there is a completely opposite behavior compared to OC
such as a positive progression of compressive strength as a function of the time and the
substitution rate of the GP; the HPC10 and HPC20 always remain superior to HPCR at any
age, where it can be said that the formation of beneficial binding properties for concrete
(Poozolanic reaction) are affected by the amount of water, they appear from early age when
the amount of water is reduced in the presence of glass powder.
The results of compressive strength at 365 days therefore suggest that a dosage of 20% GP
gives the best results obtained (68.3 MPa) in the experimental conditions tested with cement
without additions of class CEM 1 52,5 working with the ratio W/B or B represents in our case
cement + glass powder.

Other authors [17] have obtained compressive strength of 32MPa for 20% GP with
cement class CEM 11 42.5 working with W/B ration equal to 0.5, where the effect of glass
powder therefore depends on the strength class of the cement to which it is substituted and
fineness.

For the effect of the ratio, the three concretes formulated with the ratio W/B=0.35 have
higher compressive strengths than those of the three concretes formulated with the ratio W/B=
0.5, the largest deviation of strength is 14 MPa recorded between HPC20 and OC20.
The use of superplasticizer SP (water reducers) allows the reduction of the W/B ratio by
opposing the flocculation of cement grains (SP=9 I/m? for HPC and SP=6 I/m3for OC), so our
concretes have a conventional granular skeleton embedded in an increased compactness
matrix. Which results that the amount of water removed in the formulation of HPC with
W/B= 0.35 was replaced by the increase of the amount of SP to 9 I/m3 (see table 4)

Indeed, compared to [25] which combined glass powder with other additions such as
silica smoke and limestone filler in the formulations of self-lacing concretes concluded that:
some additions have a high water demand compared to the load of chemically inert limestone,
which can reduce the workability properties of concrete.

The ratio W/B = 0.35 means that the amount of water is very small compared to the mass
of cement, the cement grains are very close to each other, the water will react with the cement
grains and there will remain only very little capillary porosity, the permeability of the
concrete will be very low and the mechanical properties of the concrete will be very high
(68.3 MPa), which improves the durability at the age of 365day.
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Fig. 8. The kinetics strength development of different concretes according to the dosage of glass powder over
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Regarding to Figure 9, at 365 days of hardening, the results seem very interesting because
a logical progression between the dosage in cement and the quantity of water of breakdown
used, the behavior of HPC remains always better compared to OC and the strength is more
concrete with GP remains also better than those of reference. Although the compressive
strength of concrete HPC 20 noted at 68.3 MPa with a quantity of cement 360 Kg/ m? is better
than that of concrete OC10 of 52.35 MPa with the same dosage of cement 360 Kg/ m® which
shows a strength gain of 16 MPa, which are advantageous for the HPC manufacture.

According to ASTM C618, the mineralogical characterization of the glass powder shows
that the sum Al>O3 + SiO2 +FexO3 = 74.2% > 70% (see Table 1), the allowed us to conclude
that this glass powder is a pozzolanic material, also the compressive strength improvement
can be explained by the chemical and physical effect exerted by GP according to the work of
[7] by the formula :

Pouzzolan + lime + water » Calcium Silicate Hydrate (C-S-H)

Since its high content of amorphous silica SiO> gives it pozzolanic properties by
combining with lime containing in the cement to produce other hydrates such as in the
presence of water associated with the temperature released by the hydration of the cement
Portland C>S and CsS (see table 2) they combine to form hydraulic binders:hydrated calcium
silicates (C-S-H) similar to those formed during hydration of Portland cement [27].

3Ca0 + Si02 + HHO ——» CSH + Ca (OH): Cement hydration reaction
CaO +Si0O + H)o —» CSH Pozzolanic reactions

Referring to the two previous reactions, it is clear that the pozzolanic reaction consumes
calcium hydroxide or portlandite Ca (OH)2 to form hydrated calcium silicate (C-S-H). We
took care to keep the test tubes in water because at room temperature, this reaction is
generally slow and can develop over several weeks, the main goal of our research to collect
the results after 365 days of storage. However, according to research by [28], the thinner and
glassy the pozzolan, the faster it reacts with lime and its water demand depends on its
fineness.

With fineness of 3600 cm %/g, GP adjusts the granulometry of the cement CEM | without
additions CEM | 52.5 with fineness of 2530 cm?g by physical filling, thus the paste
compactness was increasing, and a pozzolanic reaction by chemical reaction with clinker
products hydration to form dense hydrated calcium silicates C-S-H [7].

The compressive strength is controlled by the value of the ratio W/B, such as 0.35, the
strength increases, who a reduction of 43 litres I/m® of mixing water (see Table 4) leads to an
increase of 10 to 20% in the compressive strength. Figure 9 shows that the compressive
strength of concrete increases as the W/B ratio decreases and the age of concrete increases.

The low compressive strength of the OC compared to the HPC with a replacement of
20% GP can be attributed to the voids formed between the GP grains given its vitreous and
smooth surface non-absorbent to water, containing in CBs designed during the manufacture of
ordinary concrete filled with water caused by the high ratio W/B=0.5, which weakened the
development of a better resistance to compression, avoided in HPC with low W/B=0.35
resulting greater strength at 365 days.
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CONCLUSIONS

The general objective of this work was to make a comparative study on the effect of the
substitution of cement without additions CEM 1 52.5 by glass powder (GP) finely ground to
percentages of 10 and 20% of the cement mass on the mechanical strength of high
performance HPC and ordinary OC concretes by varying the W/ B ratios thus the quantity of
mixing water and the cement dosage.

1. For workability the HPC and OC have the same behavior screw to screw of the
replacement of the cement by the GP, the maneuverability increases by increasing the
amount of glass powder, it is reflected by the variation of the pasta specific surface thanks
to the great fineness of the glass powder (3600 cm 2/g) compared to the cements and
therefore a decrease in demand for water. Nevertheless the results of the slump test show a
divergence between the two concretes with respect to the quantity of water, the collapse
decrease with the decrease of the ratio W/B, such that the HPC are firm concretes and OC
are plastic concretes.

2. The glass powder, like other conventional cementitious additions and being poozolanic,
modifies the kinetics of development of compressive strength of concretes, an opposite
behavior between HPC and OC was concluded according to the results such as: a slow
development of resistance at young age, the strength of OC10 and OC20 is lower than that
of OCR without GP, an observation explained by the changes in hydration of the
cementitious matrix induced by the substitution of cement by the GP which absorbs less
water than cement, on the other hand, at 365 days of hardening, we observe that the
addition of 10% or 20% of GP improves the compressive strength to exceed that of the
OCR.

3. Concerning the HPC with the ratio W/B=0.35, the resistance to compression was more
important for HPC10 and HPC 20 compared to HPCR without glass powder at any age,
which explains why the glass powder with a fineness superior to that of the concrete CEM
| 52.5 exerts a physical and chemical effect from early age to form the C-S-H with a
limited quantity of water mixture, thus developing more in time to give the best results.

4. Even for an identical dosage in cement, the strength of HPC with GP remain better than
those of OC, so a gain strength of 27% at 365 days is ensured by limiting the ratio W/B,
then compressive strength of concretes increases as the W/B ratio decreases, age of
concrete increases and percentage of glass powder increase.

Following the results obtained for compressive strength of HPC20 and OC20 compared to
others concretes; the best rate of cement replacement with GP is 20%, which is about 14 MPa
more than HPCR with cement quantities gain of 90 Kg/m?, also this gain in mass and strength
is beneficial for cement production company’s who will save about 20% of their first used
material during production as well as the builders during the preparation of the concrete
formula.

Our future research will be based on the extension in terms of time for the compressive
strength of this concrete based glass powder in the long term (concrete aged 3 years), as well
as the study of the microstructure, without forgetting the passage through chemical durability
in aggressive environments such as acids and sulfates to better consider its use in marine
areas.
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