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Abstract: Eco-efficient self-compacting micro concretes with partial replacement of Portland cement by ornamental stone

Received 22 February 2023 waste (OSW) and replacement of conventional aggregates by expanded polystyrene waste were addressed in this study.

Revised 13 July 2023 A base mixture was obtained using a particle packing method, and replacement fractions followed a second-order composite
Accepted 22 December 2023 experimental design. The mixtures’ rheological, physical, mechanical and eco-efficiency parameters were evaluated and
Corrected 27 March 2024 discussed. As expected, the incorporation of residues reduced the mechanical strength, and mixtures with high incorporation

of lightweight aggregates tended to segregate. However, OSW has been shown to increase workability and decrease viscosity,
contributing to control segregation due to the reduced amount of water required without impairing the fluidity of the mix.
At the same time, the lightweight aggregate decreased both the density of the mixtures and the viscosity. The interaction of
the residue with the lightweight aggregate proved promising in obtaining more eco-efficient lightweight microconcretes.

Keywords: lightweight concrete, self-compacting concrete, microconcrete, ornamental stone waste, expanded polystyrene waste,
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Resumo: Foram abordados neste estudo micro concretos autoadensaveis ecoeficientes com substitui¢do parcial do cimento
Portland por residuo de rochas ornamentais (do inglés ornamental stone waste - OSW) e substitui¢do dos agregados convencionais
por residuo de poliestireno expandido. A dosagem foi feita utilizando metodologia de empacotamento de particulas, e as fragdes
de substitui¢do seguiram um projeto experimental estatistico composto de segunda ordem. Foram avaliados e discutidos os
pardmetros reologicos, fisicos, mecanicos e de ecoeficiéncia das misturas. Como esperado, a incorporagdo dos residuos diminuiu
a resisténcia mecanica, e as misturas com elevadas incorporagdes de agregados leves apresentaram tendéncia a segregacao.
Entretanto, a adi¢do do residuo OSW demonstrou aumentar a trabalhabilidade e diminuir a viscosidade, contribuindo para
controlar a segregagdo devido a redugdo no consumo de dgua necessario sem prejudicar a fluidez da mistura. Ao mesmo tempo,
o agregado leve diminuiu tanto a densidade das misturas quanto a viscosidade. A interagdo do residuo com o agregado leve se
mostrou promissora na obten¢do de microconcretos leves mais ecoeficientes.

Palavras-chave: concreto leve, concreto autoadensavel, micro concreto, residuo de rocha ornamental, residuo de poliestireno
expandido, agregado leve.
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1 INTRODUCTION

Lightweight aggregates self-compacting concrete (LWASCC) have been studied for structural and non-structural
purposes in slender pieces with high reinforcement rates to reduce weight and obtain a more fluid mixture [1]-[3].
Researches involving lightweight aggregates (LWA), natural or artificial, have been carried out to understand their
behavior in cement matrices, reducing density from 2400 kg/m? to values below 2000 kg/m?> [4]-[9].

Reducing specific mass while maintaining the mechanical strength permits lighter structural elements, reducing the
loads transferred to the foundation and saving costs for using lighter lifting equipment [1], [2], [10], [11]. In addition,
such a solution contributes to driving the growth of sustainable building construction, soundproof and thermally
insulating green buildings using low-density and low-cost materials [2].

However, the low density of LWA leads to a reduction in the mechanical strength of LWASCC, making a
large volume of cement necessary to ensure structural strength, which implies low environmental efficiency due
to the high energy-demanding cement production, which accounts for around 7% of the global emissions of carbon
dioxide (CO) [12]-[19].

Segregation and exudation can occur in fresh self-compacting concrete containing LWA due to the lower density
of the aggregates compared to the other components, favoring the float of the aggregates and absorption of the mixing
water and admixtures, making it difficult to spread and self-consolidate the mixture, resulting in loss of mechanical
strength [1], [3], [6]-[8]. Segregation can be overcome by adjusting cohesion and consistency in a higher yield strength
paste, which can be achieved by controlling the water/cement ratio and using mineral and rheology-modifying
admixtures [1], [3], [8].

Fillers effectively increase cohesion and prevent segregation and flotation of lightweight aggregates for low-density
self-compacting concretes [1], [20]-[23]. A material prone to being used as a filler is ornamental stone waste (OSW),
which has a fine granulometry. This material is produced in high volumes annually and is eligible for use in civil
construction [24]-[26].

Studies in the literature addressing OSW in lightweight concrete are scarce. Zafar et al. [27] studied the use of
granite residue in autoclaved concrete as a substitute for sand and observed a low pozzolanic action but an increase in
the packing density of the mixtures, concrete density, mechanical strength, strong acid resistance, and a decrease in
porosity and absorption. Alyousef et al. [28] studied the replacement of sand with marble residue in lightweight
concrete floor blocks containing expanded perlite and verified an increase in concrete density and strength and the
possibility of being used as insulation blocks.

From the authors’ knowledge, incorporating OSW into lightweight aggregate self-compacting microconcrete
(without coarse aggregate) has not been addressed in the literature. Thus, this study aimed to investigate the effects
of partial replacement of Portland cement by OSW in lightweight self-compacting microconcretes containing
expanded polystyrene residue as lightweight aggregate. Physical, mechanical and environmental parameters have
been evaluated and discussed in an approach involving cement consumption and contributions to producing a more
sustainable material.

2 EXPERIMENTAL

2.1 Materials

Expanded polystyrene waste provided by a company located in the city of Sdo Geraldo, Minas Gerais State, Brazil,
was used as lightweight aggregate (LWA). The Ornamental Stone Waste (OSW) filler was provided by a manufacturer
in Cachoeiro de Itapemirim, Espirito Santo, Brazil. A high early-strength Portland cement (PC) (type IV equivalent,
designated in Brazil as CPV-ARI) was used as a binder. Two conventional aggregates were used: natural quartz river
sand (R-Sand) and manufactured gneiss sand (M-Sand), both from the region of Vicosa, Minas Gerais, Brazil. A
commercial superplasticizer based on polycarboxylate ether (PCE) was used as a water reducer. Tables 1 to 3 present
the physical properties of cement and OSW, the chemical properties of OSW, and the physical properties of the
aggregates, respectively. Figure 1 shows the particle size distribution curves of the materials, Figure 2 shows an image
of the LWA, Figure 3 shows the scanning electron microscope (SEM) images of OSW, and Figure 4 shows the XRD
spectra of OSW.

According to the XRD analysis of the OSW sample, the presence of quartz and dolomite may indicate a mixture of
granite and marble residues. This material also has a regular and crystalline surface, which leads to low reactivity and
pozzolanicity and can be considered inert.
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Table 1. Physical properties of the Portland Cement (PC) and ornamental stone waste (OSW).

Material Specific density (g/cm?) Specific surface area (Blaine) (cm?/g)
PC 3.15 2135.81
OSwW 2.60 2996.11
M-sand 2.86 -
R-sand 2.63 -
Superplasticizer 1.09 -

Table 2. Chemical composition of the ornamental stone waste (OSW).

Compound OoSw
SiO:2 content. % 74.5
COz content. % 8.1

Al203 content. % 5.3
CaO content. % 5.0
MgO content. % 3.5
NazO content. % 1.7
K20 content. % 1.0
Fe20s content. % 0.6
TiO2 content. % 0.1
Other oxides. % 0.1

Table 3. Physical properties of the manufactured gneiss sand (M-Sand), river sand (R-Sand) and lightweight aggregate (LWA).

Material Bulk density (g/cm?)
M-Sand 1.56E+00
R-Sand 1.43E+00
LWA 5.21E-03
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Figure 1. Granulometric curves of the Portland Cement (PC), ornamental stone waste (OSW), manufactured gneiss sand (M-Sand),
and river sand (R-Sand).

Rev. IBRACON Estrut. Mater., vol. 17, no. 6, €17605, 2024 3/15



A. Miranda de Souza, J. M. Franco de Carvalho, C. F. R. Santos, F. A. Ferreira, L. G. Pedroti, and R. A. F. Peixoto

NN AR A A A R R AN A
BTG
|IIiHHHHHHI_‘

%

2
Mag= 100KX IProbe= d5pA Date 13, : v Mag= 400KX |Probe= d5pA Date :13 Jun 2022
Signal A=SE1  PhotoNo.=179¢  Time :10:09:10 W n Signal A=SE1  Photo No.= 1801 Time :10:12:09

Figure 3. Scanning electron microscope (SEM) images of OSW in (a) 1.00kx and (b) 4.00kx magnification.
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Figure 4. XRD spectra of ornamental stone waste (OSW).
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2.2 Experimental design

The reference mixture was designed by fitting the particle size distribution curve of a blend of constituents to the
modified Andreassen packing curve [29], obtained using Equation 1, where CPFT is the accumulated percentage of
particles with a diameter smaller than D (by volume); D is the particle size; D, is the diameter of the largest particle;
Dy is the diameter of the smallest particle; and g is the distribution coefficient (g-value).

CPTF (%) = 100 (”q’Dg) (1)

74
Dy —Dg

The powder and aggregate contents were obtained by fitting the modified Andreassen curve and simultaneously
meeting the limits suggested by EFNARC [20]. For this, the distribution coefficient should be between 0.20 and 0.23;
then, 0.2 was used to provide a higher content of fines, increasing the mixture's viscosity, maintaining workability, and
reducing the tendency to segregate the lightweight aggregates [30]-[34].

The modified Andreassen curve adjustment data established a proportion of sands of 1:3 (R-Sand/M-Sand) and a
powder-to-total solid volume ratio (Vp/V¥) of 35%. Once the reference dosage was established by the compressible
packing method and the limits of the experimental method, the statistical factorial model methodology was used to
define the volume ratios filler/cement (f/c) and lightweight/conventional aggregates (¥zw4/Vc4) in order to reduce the
number of samples to be tested and to obtain results adjusted by statistical equations [19].

Filler-to-cement (f/c) ratios between 0 and 200% and Viw4/Vcs between 0% and 60% were used as limits for the
experimental design. For the calculations of V.w4/Vc4, bulk density was used as converting parameter due to the low
specific density of the residue and the difficulty of measuring it.

The proportions of the mixtures were defined following a second-order composite project (as illustrated in Figure 5
and presented in Table 4). The proportions of the mixtures by volume of dry materials and the consumptions in mass
are presented in Table 5. The mixtures were named according to the f/c and Viws/Vcs ratios in percentage
(e.g., 170F51LWA has 1.7 f/c and 0.51 Viwa/Ves).

The water/powder (V,/V),) ratio was adjusted to a spread of 27010 mm in a mini-slump test to obtain mixtures that
did not show apparent exudation and segregation. The superplasticizer content was set at 1% of the mass of the total
powder content. The superplasticizer was added and accounted into the mixing water.

The mini-slump test was adapted using a cone 75 mm high with diameters of 41 mm and 91 mm. The results were
compared through the fluidity parameter G,, obtained by Equation 2 proposed by Okamura and Ouchi [23], where D,,
is the spreading diameter, and Dy is the inner diameter of the base of the cone [20], [21].

G = (D—’“)2 -1 ®))

Do

+0 ® Factorial point

+1 ¢ ® , Axial point

Central point

—o -1 0 +1 +a

Figure 5. Second-order composite project.
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Table 4. Levels of variables used in LWASCC.

Proportions -1.41 -1 0 1 1.41
Filler/cement (f/c) 0.00 0.29 1.00 1.71 2.00
Lightweight/conventional aggregates (Viwa/Vca) 0.00 0.09 0.30 0.51 0.60

Table 5. Mixtures of LWASCM (PC - Portland Cement; OSW - ornamental stone waste; M-Sand - artificial sand; R-Sand - river sand,
LWA - lightweight aggregate; W- water; SP - superplasticizer).

wiwre 55 55 855 e 52 5E 53 sF &%
=2 ~& 4 = % "% "® “® ~8
fic 0 1 -1 —1.4142 0 1.4142 1 -1 0
Viwa/ Vca —1.4142 -1 -1 0 0 0 1 1 1.4142
PC (%) 20 14.78 30.94 40 20 13.33 14.78 30.94 20
OSW (%) 20 25.22 9.06 0 20 26.67 25.22 9.06 20
M-Sand (%) 45 41.05 41.05 31.5 31.5 31.5 21.95 21.95 18
R-Sand (%) 15 13.68 13.68 10.5 10.5 10.5 7.32 7.32 6
LWA (%) 0 5.27 5.27 18 18 18 30.73 30.73 36
PC (kg/m?) 462.41 335.42 671.83 832.44 449.93 317.07 338.5 666.04 462.41
OSW (kg/m?) 391.27 484.51 166.5 0 380.71 536.59 488.95 165.06 391.27

M-Sand (kg/m?) 953.61 854.02 816.93 600.84 649.51 686.57 460.97 433.18 381.44
R-Sand (kg/m?) 291.76 261.29 249.94 183.83 198.72 210.06 141.03 132.53 116.7

LWA (kg/m®) 0 0.37 0.35 1.15 1.24 1.31 2.16 2.03 2.56
W (kg/m3) 258.95 272.41 304.01 332.98 278.96 237.8 265.74 310 258.95
SP (kg/m3) 9.25 9.08 8.69 8.32 9 9.51 9.16 8.61 9.25

2.3 Concrete production and specimens casting

The LWASCM were prepared using a Philco PHP500 planetary mixer according to the following protocol: (a) the dry
mix was homogenized; (b) the initial kneading water containing all the superplasticizer was added to the homogenized dry
mixture, with the mixer at slow speed, over 30 seconds; (c) the mixer was kept at slow speed for additional 60 seconds
before being (d) turned off to clean the blades and bowl walls, keeping the mixture at rest for 60 seconds; in sequence
(e) the mixer was restarted, and the mixture was homogenized for an additional time of 60 seconds at medium speed.

The volume of mixed material was 1770£10 mL, enough to mold 9 cylindrical test specimens measuring @5x10 cm.
The specimens were demolded at 1 day of age and kept submerged in lime-saturated water for curing.

2.4 Rheological tests

In the fresh state, spreading and tendency to segregation and exudation were analyzed using the adapted mini-slump
test. The viscosity was measured through the time (7%2) that the mixture takes to reach a spread with a diameter equal
to 220 mm. In addition, the results were compared to the viscosities of pastes with f/c ratios of 0, 1 and 2, water/power
ratio of 1.5 and superplasticizer content of 3%, measured using a FANN 35A rotational viscometer.

2.5 Concrete characterization test

The mechanical, chemical and physical characterization tests were conducted in the hardened state. The tensile
strength test by diametrical compression and compressive strength test in cylindrical specimens (@5x10 c¢cm) were
carried out following the methods NBR 7222 [35], NBR 5739 [36] and ASTM C-39 [37]. The dynamic modulus of
elasticity and setting time of the LWASCM were also determined by measuring the ultrasonic pulse velocity (UPV)
(Proceq Pundit Lab, P wave, frequency 54 kHz) according to the NBR 8802 [38] and ASTM C597-16 [39].

For the physical characterization in the hardened state, specific density and void index tests were carried out
following the method NBR 9778 [40].
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2.6 Eco-efficiency performance

The eco-efficiency performance of the LWASCMs was determined by the Binder Intensity (B/) indicator, proposed
by Damineli et al. [41] and calculated by Equation 3, where the total consumption of binder (b) and the performance
achieved in the compressive strength test at 28 days (p) were the input parameters.

b
BI=" ©)

2.7 Statistical analysis

Response surfaces were drawn for compressive strength, tensile strength, void ratio, density, ultrasonic pulse
velocity, water volume, and binder intensity to optimize the experimental design. A regression equation was found for
each test performed that estimates the expected values for different proportions of f/c and Viwa/ Ve based on the results
obtained from the tests (Equation 4) [19]. The coefficients of determination (R?) were found to verify the fit of the
regression equations obtained for a significance p-value lower than 0.05. The closer the R? value to 1, the better the fit.

y = Bo+ Bra; + Boaf + B3b; + Bubf + Psa;b; + & 4)
3 RESULTS AND DISCUSSIONS

3.1 Fresh microconcrete properties

According to the plastic viscosity tests presented in Table 6, the increase in the OSW content leads to a decrease in
the viscosity of the paste. Therefore, mixtures with higher contents of OSW demand a lower water/powder ratio to
maintain workability without tendency to segregate LWA [6]. The spreading of the produced mixtures that reached the
260 to 280 mm range in Figure 6 showed stable mixtures, not presenting signs of segregation and with homogeneous
LWA distribution. However, as we will see later, this observation is not enough to guarantee that the EPS lightweight
aggregate will present a uniform distribution along the height of the specimens.

Table 6. Viscosity of the fluid pastes measured by the Fann 35A rotational viscometer.

filler/cement (f/c) 0 1 2
Plastic viscosity (mPa-s) 73 72 59

v (a) 100FOLW (b) 100F30LW (¢) 170F51LW
Figure 6. Mini slump spreading of LWASCM: (a) 100FOLW; (b) 100F30LW; (c) 170F51LW.

The water-to-powder volume ratio (V,,/V,) of each mixture, mini-slump spreading, mini-slump correlation with
slump flow, and T2 values are presented in Table 7. The coded regression equation of the water consumption and
contour graphs are shown in Table 8 and Figure 7, respectively.
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Table 7. Test results.

Tensile .
Compressive strength in Ultrasonic
- Correlation p rrength pulse ., Void Binder
. Mini-Slump strength at  diametrical . Density . .
Mixture Vw/Vp Slump Flow T220 () . velocity at 5 Index intensity
(mm) (mm) 28 days compression 28 davs (g/em?) (%) (bi)
(MPa) at 28 days (m /3 °
(MPa)
100FOLWA 0.874 280 615 3.91 41.42 4.21 3856 2,66 219 11.16
170FOLWA 0.936 275 604 3.12 16.72 2.85 3545 2.51 243 20.06
29F9LWA 1.092 265 582 5.13 37.53 435 3847 246 203  17.90
OF30LWA 1.248 265 582 2.10 17.45 4.03 3677 2.36 19.5  47.70
100F30LWA 0.967 270 593 2.98 17.06 2.95 3524 238 227 2637
200F30LWA 0.780 280 615 3.00 7.18 1.97 3286 235 21.6 44.15
170F51LWA 0.905 270 593 422 12.39 2.18 3420 2.21 232 2731
29F51LWA 1.123 273 600 2.23 9.30 2.92 3417 224 23,6 71.60
100F60LWA 0.874 260 571 5.34 12.39 2.18 3420 2.21 232 3731
Table 8. Coded regression equations of the results.
Regression equations 5 R%/R?aj
std.dev.
Y, v 2
Y _ 09247 - 0.0827L - 0.046871%4 4 00596 (f) 0.1057 51.15%/ 44.78%
‘/p C VCA C
_ f Viwa Viwa) Viwa [ o o
fe (MPa) = 11.035 — 4.590——9.761 +7.567 + 4.854 -= 1.7273 98.35%/ 98.05%
¢ cA Vea Vea ¢
v Viwa\’
Tensile strenght (MPa) = 2.8926 — 0.7064% — 0.6867 7274 1 0 1185 ( LW“) 0.1752 97.08%/96.70%
¢ Vea Vea
v Viwa\’
UPV (MPa) = 3473.7 — 1281L — 16835004 | 68.1( LWA) 92.7483 85.22%/ 83.30%
¢ Vea Vea

v 2 Viwa\>
Density (kg/m®) = 2.41886 — 0.005%— 0.15614 ;WA —0.04032 (9 +0.01019 ( ;WA) 0.0086 99.74%/ 99.69%
CA CA

v, 2 Viwa\? v,
Void Index (%) = 24.722 + 0.6745 +0.369 ;WA —1.825 (9 - 0.822 ( ;WA) —1.377 ;WA T 0628 89260 86.71%

cA cA ca €
v, Viwa\? v,
BI = 46.98 — 3.99£ +14.31 244 _ 10.44( LWA) —7.81-4 v 6.9461 87.78%/ 85.56%
¢ cA Vea Vea €

‘;—W - water-to-powder volume ratio; f. - compressive strength; UPV - ultrasonic pulse velocity; B/ - Binder Intensity.
P

0.5

0.0

VLWA/NCA

05

1
- 0 L0

Bl
VLWA/VCA

L 00 05 10

fre

(a) (b)
Figure 7. Plots of coded (a) surface and (b) contour of the water-to-powder volume ratios (Vu/Vp).
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The results of V,,/V, in Figure 7 show that the increase in the powder content considerably reduced the water
necessary for the mixture to reach the fixed spread, which is the most significant variable and agrees with the results of
plastic viscosity [42], [43]. The increase in the content of lightweight aggregates also decreased water consumption,
which may be due to the smooth water-repellent particles of LWA, increasing the fluidity of the mixture, as observed
by other researchers [8], [44]-[46]. However, the R? of the regression equation, even after adjusting the terms, showed
low significance, and therefore, despite representing the rheological behavior of the materials, the equation may not
lead to accurate results.

In the preliminary tests, higher water consumption for mixtures with high LWA content led to segregation and
flotation of the aggregates. Lower water must be used to achieve cohesive mixtures without the risk of segregation in
the LWASCM, and the spreading must be controlled by increasing the consumption of superplasticizer and OSW filler.

3.2 Hardened concrete properties

Tables 7 and 8 show the compressive and tensile strength results with their well-adjusted regression equations.
Compressive strength is mainly governed by V,./V,, demonstrating that this is the most significant factor, and the higher
its value, the lower the mechanical strength obtained. The tensile strength in diametrical compression has both factors
as predominant, reduced by increased consumption of LWA and by replacing cement with filler. This difference in the
significance of the terms in the two mechanical strength tests can be explained by Figure 8, which shows the images of
the broken specimens obtained in the diametrical compression test of each mixture.

100FOL WA 29FSLWA

OF30LWA

170F51LWA 29F51LWA 100F60L WA

Figure 8. Images of the broken specimens obtained in the diametrical compression tests.
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It can be seen from Figure 8 that the higher the content of LWA, the greater the segregation of the aggregates,
making it easy to visually observe the difference in the concentration of LWA at the height of the specimen. Images a,
b and ¢ of Figure 7 are the only ones that do not show segregation and are from the mixtures 100FOLWA, 170FSLWA
and 29F9LWA with a low proportion of LWA, which, when analyzed in their mechanical strength results, present the
highest strengths, falling only due to the high consumption of inert material in the 170FOLWA mixture.

On the other hand, the specimens shown in images d, e, f, g, h, and i of Figure 8, for having higher levels of LWA,
showed strong segregation by flotation of LWA, which was not properly anticipated by the spread test. The high
concentration of LWA on top of the specimens created a disproportionate lightweight layer with low paste concentration
and, consequently, low mechanical strength, inducing the rupture in the compression test in these layers, maintaining
the rest of the specimen intact (Figure 9).

Figure 9. Specimen ruptured in the compressive strength test.

The 100F60LWA mix suffered a 70% drop in mechanical strength compared to the 100FOLWA mix, with the
maximum substitution of conventional aggregate for lightweight aggregate. The high drop in mechanical strength is
similar to the results of Rosca and Corobceanu [47], who replaced aggregates in volume by up to 35% and had a drop
of up to 66% in the mechanical strength of concrete. Mohammed and Aayeel [46] also replaced coarse aggregates with
EPS in volume by up to 60% and had a drop of up to 80% in the compressive strength and 40% in the tensile strength
of concrete.

The tensile strength by diametral compression test is performed by applying a force along the length of the specimen,
and, therefore, part of the force is applied in the compact layers with lower concentrations of LWA, inducing unrealistic
higher results.

While in the compressive strength test, the LWA-rich layer governed the results making V;y.4/Vc4 artificially having
greater significance, in the tensile strength test, the entire specimen influenced the results, and therefore, both Viw/ Ve
and f/c were significant. The surface and contour plots in Figure 9 illustrate the mixtures’ mechanical strength drop
according to the increase in OSW and LWA contents.

The ultrasonic pulse velocity results are similar to the tensile strength results, which are also strongly influenced by
the disproportionate layers. However, for UPV, the consumption of LWA is more important in the results, decreasing
the speeds with the increase of LWA.
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Despite the segregation, lack of stability of the matrix, and the consequent high drop in mechanical strength, the
incorporation of LWA managed to reduce the density of the microconcretes. According to Table 7, the mixture with
the highest content of LWA, 100F60LWA, reached 2.21 g/cm?, a density 17% lower than that of the mix 100FOLWA,
with a reduction of 450 kg/m3. However, the lowest density found is insufficient to classify this microconcrete as
lightweight. Nevertheless, it is important to mention that the proportion of aggregate in self-compacting microconcretes
is considerably reduced compared to conventional concrete, reducing the margin for reducing mass by partially
replacing sand with lightweight aggregates.

The density regression equation was adjusted, with R? close to 1 and with the term Viws/ Vcs with greater
significance, demonstrating that the incorporation of LWA has a direct connection with the drop in the mixtures' density
can also be observed in the graphs in Figure 10.

The void ratio in mixtures with Vips/ Vg up to 0.09 increased with increasing filler content, making f/c more
significant in the regression equations. However, in mixtures with replacements of conventional aggregates by LWA
above 30%, the floatation of LWA interfered with the readings, causing LWASCM with similar proportions of LWA
to have similar void ratios, regardless of the concentration of f/c.
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Figure 10. Plots of (a) surface and (b) contour of compressive strength, tensile strength and UPV.

Figure 11 shows a convex surface in which f/c up to 1 and Viws/ Veu from up to 0.3 increase the void ratio, and
mixtures with these two parameters above these values present lower void ratios. This result may be linked to the
difference in water consumption, in which, despite the increase in f/c increasing the void ratio, the filler provides better
spreading, requiring a lower V,,/V},, which reduces the voids left by the water. The 100F60LW A mixture, despite having
the maximum concentration of LWA, presented the lightweight aggregates less concentrated at the top and better
distributed along with the specimen, i.e., the mixture was more cohesive and less prone to segregation, which may be
due to a reduction in the water consumption and increase in the filler content. On the other hand, despite the drop in
water consumption, the void ratio did not decrease with increasing LWA, demonstrating that LWA can lead to increased
absorption and void ratio in concrete [44].
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Therefore, although the results demonstrate that the increase in f/c and Vyw4/ Vs decreased the mechanical strength
and density and increased the void ratio of the lightweight microconcretes, the segregation of LWA did not allow the
results to demonstrate the real mechanical potential of these microconcretes.
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Figure 11. Adjusted graphs of (a) surface and (b) contour for density and void index.

3.3 Eco-efficiency performance

Figure 12 shows the graphs of Binder Intensity (BI). Although the increase in the filler content decreased the B/ in
mixtures containing LWA and increased eco-efficiency through the high incorporation of waste and reduction of
cement, the LWA is significant and considerably increased the BI, decreasing eco-efficiency.
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Figure 12. Adjusted graphs of (a) surface and (b) contour for Binder Intensity (BI).

The results were already expected since the indicator only considers cement consumption and mechanical strength, i.e.,
mixtures with lower cement consumption and high strengths have better eco-efficiency performances according to this
indicator. Therefore, the waste reuse and reduction of primary raw materials also are significant eco-efficiency indicators but
not considered in this study. For this reason, these parameters controversially figured as eco-efficiency reducers.
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As lightweight concretes generally have lower mechanical strengths in relation to cement consumption, it was expected
that mixtures with LWA would have higher BI. However, the high B/ (above 20) indicates that the segregation of LWA
and the consequent drop in mechanical strength diverged the results, causing the mixtures that did not segregate to present
an increased Bl with the increase of the filler content. In contrast, the mixtures that segregated had lower BI for lower
cement consumption, and the increase in the f/c ratio increased eco-efficiency as they had similar mechanical strengths.

Therefore, matrix stabilization by increasing resistance to segregation must be provided for adjusted results. Other
sustainability indicators must be considered for a more consistent eco-efficiency performance evaluation of LWASCM
containing inert waste.

4 CONCLUSIONS

The present work studied the production of lightweight aggregate self-compacting microconcretes with partial
replacement of cement by Ornamental Stone Waste filler and partial replacement of conventional aggregate by
lightweight aggregate obtained from Expanded Polystyrene Waste.

The mixtures with Vyw4/ Vs above 0.3 evidenced the difficulty of stabilizing the mixtures by the remarkable small
density of the EPS, causing drop in mechanical strength and void ratio and generating results with important distortions.
However, despite the floatation of the aggregates, the increase in f/c and Vyw4/ Ve led to a decrease in the consumption
of water for a fluid mixture. The increase in Vyws/ Vca also decreased the density of the mixtures, making the
microconcretes lighter.

The interaction of ornamental stone filler with the lightweight aggregate proved promising in improving the eco-
efficiency of the lightweight microconcretes. The increase in f/c decreased the binder intensity, as the reduction in
cement consumption did not lead to a drop in strength in the same proportion.

Strategies for stabilizing mixtures with lightweight aggregates such as reducing the spreading range to reduce water
consumption and segregation, or reducing water consumption by increasing the superplasticizer content and adding
mineral additions to increase the shear stress are proposed to extend the present study, avoiding the observed distortions
and providing a deeper evaluation of the influence of the tested parameters.
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