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Abstract: In view of the ecological challenge that our planet has been facing in recent years, environmental
protection has become an issue for researchers and scientists in all fields, through the reduction of discharges
from factories and the recycling of waste. Among the most common solid waste is glass waste, which is
attracting the attention of recycling specialists in various sectors, particularly construction, by incorporating it
into the composition of concrete and reusing it as building materials. The aim of our work is to use the RUEES-
Voigt homogenization model to estimate the values of the mechanical properties of an eco-concrete based on
glass powder and to compare them with the results found experimentally for a replacement of (5% , 10%
,15%,20 ,25%,30%,35%) of the quantity of cement by glass powder with a particle diameter of 2.79 um. Very
interesting experimental results were obtained which validate the effective RUEES-Voigt model proposed,
which opens up the possibility of using other homogenization models.

Keywords: Glass powder-based concrete, Environmental protection, Ruees-Voight homogenisation model,
Experimental validation.

Introduction

The number one environmental issue is ecological living and environmental protection. The rate of waste is
increasing rapidly, as daily use and needs demand many things, as well as industrial needs. One type of waste is
glass. First of all it is necessary to give some statics about glass waste. (Planet scope, 2022) states that glass
waste represents 13% of all European waste, and that 11.5 million tons of glass in Europe have been reported,
lately 70% of glass recycling has been attributed.

Waste key figures ( 2019) states that around 2025 ,80 000 tons of flat glass will be rejected and recycled by a
factor of 56% in the industry sector. In the field of civil engineering and public works, a wide range of studies
have been carried out on the subject of glass recycling for the manufacture of concrete using glass powder, as it
is rich in silica and can therefore replace cement as well as silica sand. In brief, we cite some of the work that
has been undertaken on this subject. The mechanical properties of glass powder are obtained from (KLA
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Instruments) who characterized the modulus of elasticity according to the grain size (diameter) of the glass
particle for a diameter of d=2.79 um The modulus of elasticity is experimentally estimated as Eg= 67.31 GPa.

These values will be used in this paper with a poisson's ratio noted in several materials science books that n=0.3.
(Khalil et al., 2018) , this study consists of using waste glass to formulate a concrete , the two researchers
replace between (10%-15%-20%-25%-30%) of cement by glass powder (75um) ,the results show that glass
powder works as a pozzolan material and the mechanical behavior improves and reaches the maximum at 15%
P.V [4]. Dalia Shakir Atwan prepares concretes based on glass waste of 3 diameters (600um, 2.36 mm, 4.75
mm) to replace the fine aggregate of the grading curve by (10%,20%,30%). He found that strength improved
when the waste became very fine as a powder (Atwan, 2017). Yassen et al. (2019):work on a concrete based on
glass powder, they replaced between (10%,15%,20 and 25%) of cement by P.V (between 75um and 300um),
they concluded that concrete strength and elastic modulus improve and the optimal value at 20%. Naje et al.
(2019) studied the behavior of a waste glass-based concrete; they replaced between 10% and 30% of sand with
crushed waste glass (smaller than Smm). They found that it is possible to replace 30% of sand with glass waste
with an increase in the mechanical characteristics of concrete.

Boukhelf et al.(2020) studied the effect of partial replacement of cement by alternatives derived from waste
glass and silica fume on the hygrothermal behavior of concrete (Boukhelf et al., 2020). Benbakhti et al.(2016)
analyzed functionally graded slabs.(Benbakhti et al.,2017). Benfrid et al. (2023) evaluated the limitation and
performance under thermomechanical loading of an eco concrete panel using an analytical model. under
thermomechanical loading of an eco concrete panel using an analytical model(Benfrid et al., 2023). It can be
seen that most scientific reviews are based solely on the experimental part; moreover, they do not give a known
homogenization rule such as the model of (Voigt, 1889) or the model of (RUEES, 1929), or the model that
combines the two, called the (RUESS-Voigt) model (Fatima AOUISSI, 2019). In this work, we are interested in
applying the (RUESS-Voigt) homogenization model, which must be identical to the experimental resultsbased
on an eco-concrete based with 5% , 10% ,15%,20 ,25%,30% and 35% of the quantity of cement replaced by
glass powder with a particle diameter of 2.79 pum, the work plan is illustrated in the form of an organization
chart in Figure 1.
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Figure 1. Paper organization

Homogenization Models

It is assumed that the reference concrete with 0% P.V. (matrix) and glass powder is the reinforcement. Knowing
that "The total volume of matrix plus reinforcement is equal to unit 1".

Vet V=V )
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2-1-Model de REUSS-Voigt [§] :

i

E, = Ep + Vg7 (Eg — Ep) (2)
1 L 21 1
E—H:a“-’g*{E—g—a] (3)
1
Er': = El:n + vg;':Es - El:n] “4)
With
Em: Modulus of elasticity of concrete.
Eg: Modulus of elasticity of glass powder.
Ep : The modulus of elasticity of the parallel part determined by the VOIGT model.
Es : The modulus of elasticity of the part in series determined by the REUSS model.
Erv : The modulus of elasticity determined by the REUSS / VOIGT model.
Eexp : Modulus of elasticity of concrete obtained from experiments.
V : Total volume of mix.
Vm : Concrete volume.
Vg : Glass powder volume.
C: Cement.
P.V: Percentage of glass powder.
Fcj: Compressive strength of concrete at age j:(days).
B.ref: A reference concrete with 0% P.V.
d: Diameter.
Note: E units are taken in [GPa] and Fc in [MPa].
Table 1. Centre the caption above the table (Benmansour at al, 2014)
Chemical and mineralogical ~ Physical and mechanical .
o - Unit Values
composition of cement, %. characteristics of cement
Ca0 54.92 Apparent density kg/m® 1020
SiO, 24.02
Absolute density kg/m® 3000
Al,Oq 5.47
9
Fe,0, 283 Normal consistency o 27
SO, <35
Surface Spécifique Blaine cm?/g 3480
MgO 0.93
) Start of cement setting hetmn 1h40
CaOlibre 1.35
End of cement setting hetmn 4h50
CsS 62.12 Mechanical resistance 2] 7j 28]
C,S 16.57
CsA 5.71 Compression MPa 70 2417  30.25
C,AF 9.30 )
Bending MPa 2.97 5.3 8.12

Experimental Processes

Concrete Preparation

Materials Used
95
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To carry out this work, we used an electric concrete mixer with a capacity of 200 L, cylindrical molds (32x16)
cm’ for making the test specimens, an electric plastic (cellophane) grinder and an electric vibrator.

Materials
Cement

For this work, a cement of the type CPJ - CEM II/A 42.5 was used, complying with Algerian standards. The
mineral composition was calculated using the revised Bogue formula, and the results are presented in Table 1
(Benmansour et al., 2014).

Glass Powder

To prepare a glass powder, a 0.5 kg grinding machine (High Speed Powder Machine Electric) was used,
followed by sieving through 300 um fine aggregates. This powder must be fine in accordance with regulations
(ASTM-C 1260).

In this case, colored glass was used, as experimental studies by the Colombian Civil Engineering Department
show that colored glass is more resistant than non-colored glass, as it reduces the alkali _ silicate reaction
(Meyer et al., 2001). We only use pass-throughs with a diameter equal to or less than 300um to make our
concrete.

Aggregates

The standard classification (ASTM: C-294-69) gives a specification of aggregate constituents. The standard
(ASTM: C33-87) provides a particle size analysis for sand and gravel [15]. In this formulation, only gravel up to
1 cm in size is used. Table N°02 shows the gravel gradings purely from western Algeria, approved and
authorized by the Algerian Ministry of Minerals, and Table N°03 shows the gradings for sand.

Table 2. Granulometric analysis of the gravels used

Sieve diameter Standard requirements Percentage of passersby
75mom 100%
63mm 100%
S0mm 100%
372.mm 100%
25mm - 100%
19 mm 100% 100%
12,5 mm 90%-100% 95%
9,5 mm 40%-70% 68%
4,75 mm 0%-15% 11%
2,36 mm 0%-5% 4%
Table 3. Granulometric analysis of the used sand
Sieve diameter Standard requirements Percentage of passersby
4,75 mm 95%-100% 97%
2,36 mm 80%-100% 87%
1,18 mm 50%-85% 65,7%
600 pm 25%-60% 55,4%
300 pm 10%-30% 29%
150 pm 02%-10% 7.3%

Mixing Water

In this case, a quantity of water distilled by evaporation is prepared to avoid any disturbance in the results, with
a ratio of water quantity to cement E/C=0.3.
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Sample Preparation

Concrete Formulation

Table N° 04 presents the formulation used in the various mixes, for the benefit of the work we will use a super
plactifying admixture and we will ensure a concrete dosage of 300 kg/m3, while replacing the quantity of

cement progressively by the different percentage of glass powder as explained in figure 1.

Table 4. Granulometric analysis of the used sand

Cement Glass powder  Sand (0/5)(Kg) Gravel (3/8) water admixture

(kg) (kg) (Kg) ) (Kg/m3)
B0% 300 0 833,5 831,5 140 33,5
B5% 285 5 833,5 831,5 140 33,5
B10% 270 10 833.5 831,5 140 33,5
B15% 255 15 833.5 831,5 140 33,5
B20% 240 20 833.5 831,5 140 33,5
B25% 225 25 833,5 831,5 140 33,5
B30% 210 30 833.5 831,5 140 33,5
B35% 195 35 833.5 831,5 140 33,5

Forming Concrete Specimens

The standard (ASTM-C-192-180) clearly specifies sample preparation:
1- Mixing.

2- Sampling in two successive layers with vibration.

3- Adjust the level and finish the edges of the molds with a trellis.

4- Measuring plastic to prevent evaporation.

5- Demold after 24 h.

6- Place the samples in a vat of water for 7 days.

Compressive Crushing of Concrete

Crushing is carried out in accordance with the standard (B.S 1981.PART(5) /1983). For short-term ageing (7, 14
and 28 days) and also for long-term ageing (56, 90, 120, 150 days) to check the behaviour of glass powder
based concrete.

Table 5. Short- and long-term compressive strength and modulus of elasticity determined experimentally.
Short term Long term
Type Age 7] 14 ] 28 56] 90 j 1205 1505
B0%  fc (MPa) 28,7 34,1 423 449 46,1 46,2 46,3
E (GPa) 33,67 35,67 38,32 39,01 39,44 3947 39,50
B5%  fc (MPa) 28,1 39,9 41,9 45,1 47,6 47,7 479
E (GPa) 33,44 37,59 38,20 39,15 39,86 39,89 39,95
B10% fc (MPa) 27,7 38,6 40,9 479 49,6 49,9 498
E (GPa) 33,28 37,17 37,89 40,55 4041 40,49 4047
B15% fc (MPa) 26,5 38,1 40,2 48,1 48,9 49,1 49,3
E (GPa) 32,79 37,01 37,23 40 40,22 40,38 404
B20% fc (MPa) 26 374 388 50,1 51,8 51,9 52
E (GPa) 32,58 36,78 37,24 50,55 41 41,03 41,05
B25% fc (MPa) 25,7 36,7 381 51,8 52 52,1 52,3
E (GPa) 32,46 36,55 37,01 41 41,06 41,08 41,13
B30% fc (MPa) 25,1 36 36,8 52,1 52,3 52,6 52,7
E (GPa) 32,20 36,32 37,01 41 41,06 41,08 41,13
B35% fc(MPa) 224 30,7 28,7 28 27,8 25 23,9
E (GPa) 31,01 34,44 33,67 33,40 33,32 32,16 31,68
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Results and Discussion

Long- and short-term compression tests were carried out on (32x16) cm3 cylindrical specimens to determine the
mechanical properties of different specimens with different percentages of glass powder replacement (5%, 10%,
15%, 20, 25%, 30%, 35%). The results for crush resistance and young's modulus of elasticity are shown in
Table 5. Table 6 illustrates the results obtained by applying the formulas of the homogenization law proposed by
Ruess Voigt for different percentages of replacements and for concrete at 7, 14, 28, 56, 90, 120 and 150 days.

Table 6. the effective short- and long-term modulus of elasticity by RUESS-VOIGT.

Short term Long term

Type Age 7] 14 28 ] 56 ] 90 120 1505
B0% E (GPa) 28 35 43 45 46 46 46
B5% E (GPa) 28,21 35,17 43,13 41,12 46,11 46,11 46,11
B10% E (GPa) 28,63 35,55 43,41 45,38 46,36 46,36 46,36
B15% E (GPa) 29,20 36,05 43,80 45,74 36,70 46,70 46,70
B20% E (GPa) 29,91 36,67 44,29 46,18 47,13 47,63 47,13
B25% E (GPa) 30,73 37,40 44,86 46,71 47,63 48,20 47,63
B30% E (GPa) 31,61 38,23 45,52 47,31 48 28 48,21 48,20
B35% E (GPa) 32.73 39,17 46,25 47,98 48,85 48.22 48,28

A comparison of Tables 5 and 6 shows that the longitudinal elastic modulus E values calculated analytically by
Ruess Voigt's law are very close to the values assessed by the laboratory test for concretes with low replacement
ratios of 5, 10 and 15, but the difference in values starts to increase for replacement ratios of 20% and above,
and is more noticeable for long-term results.

Conclusion

From this study, we can see that the RUESS-VOIGT model is the 'homogenization' model that comes closest to
estimating the short-term mechanical cleanliness of an eco-concrete based on glass powder with diameters
ranging from 75 pm to 300 um, with a low percentage of replacement. This model can be applied to rates of up
to 20% replacement of cement by glass powder to estimate the mechanical behavior of eco-concrete.

Recommendations

Further studies can be carried out to assess the accuracy of this homogenization law for determining the
mechanical properties of eco-concretes based on glass powder, but replacing the fine aggregates by different
percentages of the latter.
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