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Abstract

Salgado, Fernanda de Andrade; Silva, Flavio de Andrade (Advisor).
Assessment on Mix Design and Flexural Performance of Reinforced
Concrete Short Beams Made with Mixed Recycled Coarse Aggregate.
Rio de Janeiro, 2023. 209p. Tese de Doutorado — Departamento de
Engenharia Civil e Ambiental, Pontificia Universidade Catdlica do Rio de
Janeiro.

In the last decades, the construction sector has tried to mitigate the adverse
effects of its activity by developing new formulations for more sustainable
materials. Several studies have analyzed the feasibility of using recycled aggregate
from construction and demolition waste in concrete to replace natural aggregate.
International standards restrict the use of recycled aggregates in structural concrete,
usually limiting to recycled aggregates composed only of cement-based fragments.
However, using recycled aggregate with a certain content of ceramic fragments
would simplify the separation process before recycling, making it more feasible and
cheaper. In this work, it was observed that even replacing 100% of the natural
aggregate with mixed recycled aggregate did not cause a significant impact on fresh
and hardened concrete properties. The experimental results also showed that the
Compressible Packing Model could be successfully applied for the mix design of
mixed recycled aggregate concrete up to strength class C50. Finally, the results
regarding the flexural behavior of short reinforced concrete beams showed that the
prescriptions of the Brazilian standard ABNT NBR 6118:2014 for the bending
behavior of conventional concrete beams could also be applied to beams made with

concrete with mixed recycled aggregate up to 15% of ceramic fragments.

Keywords

Recycled aggregate; Recycled concrete; Mix design; Flexural performance;

Short beams.
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Resumo

Salgado, Fernanda de Andrade; Silva, Fldvio de Andrade (Orientador).
Avaliacao da Dosagem e Desempenho a Flexao de Vigas Curtas de
Concreto Armado Produzidas com Agregado Graido Reciclado Misto.
Rio de Janeiro, 2023. 209p. Tese de Doutorado — Departamento de
Engenharia Civil e Ambiental, Pontificia Universidade Catdlica do Rio de
Janeiro.

Nas ultimas décadas, o setor da constru¢@o tem procurado mitigar os efeitos
da sua atividade desenvolvendo novas formulacdes de materiais mais sustentaveis.
Diversos estudos tém analisado a viabilidade do uso de agregado reciclado a partir
de residuos de constru¢do e demolicao, em substitui¢cdo ao agregado natural. As
normas internacionais restringem o uso de agregados reciclados em concreto
estrutural, geralmente limitando-se a agregados reciclados compostos apenas por
fragmentos cimenticios. Entretanto, a utilizacdo de agregado reciclado com certo
teor de fragmentos ceramicos simplificaria o processo de separacdo antes da
reciclagem, tornando-a mais vidvel e barata. Neste trabalho, observou-se que
mesmo a substituicdo de 100% do agregado natural por agregado reciclado misto
ndo causou impacto significativo nas propriedades do concreto fresco e endurecido.
Os resultados experimentais também mostraram que o Modelo do Empacotamento
Compressivel pode ser aplicado com sucesso para a dosagem de concretos
produzidos com agregado reciclado misto até a classe de resisténcia C50. Por fim,
os resultados a flexdo de vigas curtas de concreto armado mostraram que as
prescricoes da norma brasileira  ABNT NBR 6118:2014 para concretos
convencionais também podem ser aplicadas a vigas de concreto com agregado

reciclado misto com até 15% de fragmentos ceramicos.

Palavras-chave
Agregado reciclado; Concreto reciclado; Dosagem; Desempenho a flexdo;

Vigas Curtas.



PUC-Rio - Certificagdo Digital N° 1812817/CA

10

Table of contents

L P [ 01 (o T (3 T3 1T o PR 20
1.1. Research significance ... 23
1.2, ODJECHIVES ...t 24
1.3. WOrk Organization ..........c..ueeeiiiiiiiieeeeeee e 25
2. Literature REeVIEW ......cooo i 27
P20 R 11 Yo [T o o SRR 27
2.2. Characterization of CDW ..o 27
2.3. ReCYCING PrOCESS .....eeiiiiiiiiiieee e 29
2.4. Influence of Recycled Coarse Aggregates on the Concrete ............ 32
2.4.1. Fresh State and Workability ...........coooiiiiii e 32
2.4.2. Hardened Recycled Aggregate Concrete ........cccccooviuiiiieeeieinnnnnne 33
2.5. Methods to Improve the Recycled Aggregates Physical Properties.41
2.6. Mix Design Methods ........ccooiiiiiiiiiiiee e 47
2.7. Structural APPlICAtIONS ....ccoeiiiiieie e 49
P2 S TR 0] g o] 1 1= (o] o 1RSSR 56

3. Investigation of Physical and Mechanical Properties of Recycled and

Natural Coarse Aggregates . ... ..o i 58
3.1, INTFOAUCTHION e 58
3.2. Experimental Program ... 59
3.2.1. Preparation of Recycled Aggregate Samples ..........cccccceeeeiirnnnnne 60
3.2.2. Pulverulent Content of Recycled Aggregates .........cccoveeeeeeeiinnnnee 63
3.2.3. Grain-size Distribution of Coarse Aggregates.........cccoueeeeeeeernnnnne 64
3.2.4. Shape Index of Coarse Aggregates........coccuueeeeieeeiiiiiiieieee e 65
3.2.5. Particle Densities, Water Absorption, and Apparent Porosity of
Coarse AQQregates ...ccooeeeeeeee e nnnnnnnne 67
3.2.6. Bulk Density and Void Ratio of Coarse Aggregates..............oc...... 69

3.2.7. Water Absorption Curve of Coarse Aggregates........ccccceeeeeeerennnnee 70



PUC-Rio - Certificagdo Digital N° 1812817/CA

3.2.8. Crushing Value (ACV) of Coarse Aggregates.........ccouveeeeeeeerennnnee 71
3.2.9. Experimental Packing Density ... 72
3.3. Results and DiSCUSSIONS .......ccouuuiiiiiiiee e 74
3.4, CONCIUSIONS .ttt e e e e e e e e e 81

4. Mix Design for Mixed Recycled Aggregate Concrete through the

Compressible Packing Model (CPM) ... 83
4.1, INIFOAUCTION .. 83
4.2. Compressible Packing Model (CPM) ... 87
4.2.1. Correlation between CPM and Concrete Strength..........ccccccceeee. 90
4.3. Experimental Program ... 92
4.3.1. Materials and Methods.........coooiiiiiiiii e 93
4.3.2. Concrete Mix Design Using BétonLab Pro 3.........cccooiiiiieennenn. 101
4.3.3. Mixing Process and Tests Methods ..., 106
4.4. Results and DiSCUSSIONS ......ccooiiiiiiiiiiiieee e 109
4.5, CONCIUSIONS ...oiiiiiiiieeee et a e 118

5. Flexural Behavior of Short Reinforced Concrete Beams Made with

Mixed Recycled AQgregate ... 120
5.1, INTrOAUCTION ..o e 120
5.2. Experimental Program ... 121
5.2.1. Four-point Bending Test ... 123
5.2.1. PUI-OUL TESE. e 128
5.3. Results and DiSCUSSIONS ........ooeiuiiiiiiiieieee et 131
5.3.1. Comparative Analysis with the Brazilian Design Code ................ 150
5.4, CONCIUSIONS .coiiiiieee et e e e 157
6. General CoNCIUSIONS.......cooiii i 161
7. Suggestions for Future Research .........cccoooiiiiiiiiiiiiieceeee, 166
8.  Published ArtiCIES .......eeeiiiiiiei e 167

R OIENCES ..o e e 168



PUC-Rio - Certificagdo Digital N° 1812817/CA

Annex A — BétonLab Pro 3 - Database .........

(g} ] [{ps)

Annex B — BétonLab Pro 3 - Calibration of parameters “p” and “q”........

Annex C — BétonLab Pro 3 - Mix Proportions



PUC-Rio - Certificagdo Digital N° 1812817/CA

13

List of figures

Figure 2-1. (a) CDW pile and (b) Concrete waste stocked at Reciclax
Recycling Plant (Ribeirdo Preto, Brazil) before being processed through the

Ordinary RecycCling ProCeSsS. .....coooiiiiiiiiiieee e 28
Figure 2-2. Schematic representation of the Ordinary Recycling Process
(O] 1 TSP 30
Figure 2-3. Schematic representation of recycling processes involving heat.
................................................................................................................. 31
Figure 2-4. Optical micrograph of concrete made with Mixed Recycled
Aggregate (MRA). ..o 34
Figure 2-5. Schematic diagram of old and new ITZ...........ccccceiiiiiinnen. 35

Figure 2-6. Compressive Strength versus Recycled/Natural aggregate
(RA/NA) ratio for different concrete grades, based on the results published
by several authors [23], [24], [26], [38], [67], [68], [83], [95], [107], [108]
[112], [115], [116], [118]-[120], [123]-[167] - eeeeeeaeeeeeeeieie e

Figure 2-7. Correlation between modulus of elasticity and Recycled/Natural
aggregate (RA/NA) ratio for different concrete grades: (a) C25-C30, (b)

C35-C40, (c) C45-C50, and (d) C55-CB0. ......cceeueiieieiieeee e 41
Figure 2-8. NMA (Normal Mixing Approach) and TSMA (Two-Stage Mixing
APProaCh) [158]. .. 42

Figure 2-9. Crack pattern of a conventional concrete beam (CC) and a 100%
recycled aggregate concrete beam (RCA) at flexural failure, adapted from

Arezoumandi et al. [59]. ..ouueiiiieiieee e 53
Figure 3-1. Experimental Program - Investigation of physical and
mechanical properties of coarse aggregate..........ccceeeeeeiiiiiiiiiiieeeee e 59

Figure 3-2. Recycled aggregate cleaning process with running water. ....60
Figure 3-3. Recycled aggregate air-drying process. ........ccccceeeeeeereunnnnnnn. 61

Figure 3-4. Sample of recycled aggregate separated into three groups:
contaminants and impurities, ceramic material, and cementitious material.

................................................................................................................. 62
Figure 3-5. Mixed recycled aggregate samples during pulverulent content
L1 PP 63
Figure 3-6. Digital caliper used to measure the length and thickness of
COArse aggregate graiNsS. ..... . e e e e 66
Figure 3-7. Samples immersed in water. ..., 67

Figure 3-8. Aggregates being rolled in a large absorbent tissue. ............. 67



PUC-Rio - Certificagdo Digital N° 1812817/CA

14

Figure 3-9. Saturated aggregate submerged in water and hydrostatic scale.

................................................................................................................. 68
Figure 3-10. (a) Aggregate sample inside the metal container and (b) load
= o] o] [[e= 11 (o] o 1R PUPRRPR 72
Figure 3-11. Measurement of the distance between the surface of the
aggregate and the top of the steel cylinder container. ............cccccceeeeenneee 73
Figure 3-12. Grain-size distribution curves of recycled and natural coarse
AQGIEOAIES. ... iiiiiiiiie e e 74
Figure 3-13. Grain-size distribution curves of recycled aggregates from
different locations [39], [115], [1283], [249], [250].....cccccueereereeiiiiieeeeeeenn 75
Figure 3-14. (a) RCA and (b) RMA sample. ..., 77
Figure 3-15. Oven-dry density and water absorption versus apparent
(010 (0111 477U PRRRRPT 78

Figure 3-16. 24 h water absorption curve of the recycled and the natural
L2 To [0 (=70 1= 1 (=T 80

Figure 3-17. 15 min water absorption curve of the recycled and the natural
Lo To [0 (=70 1= 1 (=TT 80

Figure 4-1. Binary mixture without interaction: (a) coarse grains dominant;
(b) fine grains dominant [246]............uuueeieiiiiieiiiiiieiieeeeeeeeeeer e e e e eeeeeeeeeeeeas 88

Figure 4-2. Binary mixture with interaction: (a) undisturbed mixture; (b)
loosening effect caused by smaller grains (dz2) on larger grains (d1) [246].

................................................................................................................. 88
Figure 4-3. Binary mixture with interaction: wall effect exerted by the larger
diameter grain on the smaller diameter grain [246]. .........ccccoeiiiiiiiiieeennenn. 89
Figure 4-4. Maximum paste thickness in a dry granular mix [265]............ 91
Figure 4-5. Experimental Program — Concrete mix design.............cc........ 94
Figure 4-6. Obtaining the specific gravity of Portland cement from the Le
Chatelier flask 1ESt. .. ..o 95
Figure 4-7. Capillary state, characterized by a homogeneous paste and no
moisture on the mixer's Wall. ... 96
Figure 4-8. Fine aggregate (natural quartz sand) grain-size distribution
CUPVB. ettt ettt ettt e oo ettt e e e et e e e e e e e e e e eea e e eeeana e eaeaeeennn e aeenenannns 97
Figure 4-9. Grain-size distribution curves of mineral additives and Portland
CEMENTt CP-II-FB2. ... nannnnnnes 99
Figure 4-10. Variation of the flow time for various superplasticizer dosages.
............................................................................................................... 100
Figure 4-11. Database creation on Bétonlab Pro 3 for mixed recycled coarse
aggregate (MRA). ... nnnnnes 102

(el [} ]

Figure 4-12. Calibration of “p” and “q” parameters on Bétonlab Pro 3 for the
mixed recycled coarse aggregate (MRA). ... 104



PUC-Rio - Certificagdo Digital N° 1812817/CA

15

Figure 4-13. Mix proportions for the reference concrete C30-00............ 106
Figure 4-14. Compressive strength test performed on a 500 kN servo-
hydraulic MTS actuator. .........cooeeiiiiiiiec e 108
Figure 4-15. Fresh concrete (a and b) and slump result (c) for concrete C30-
B0 ettt e e e e e e e ————eeaee e e e e ———————eeeaaa———————aaaaaas 110
Figure 4-16. Compressive stress-strain curves of concrete mixtures C30.
............................................................................................................... 111
Figure 4-17. Samples of (a) C30-00, (b) C30-20, (c) C30-50, and (d) C30-
100 after the diametral compression test. ..o, 112
Figure 4-18. The pore volume of (a) C30-00 and (b) C30-50 samples [274].
............................................................................................................... 113
Figure 4-19. Compressive stress-strain curves of concrete mixtures C50.
............................................................................................................... 115

Figure 4-20. Correlation between experimental modulus of elasticity of
concretes with 100% recycled aggregate and respective theoretical values.

............................................................................................................... 117
Figure 5-1. Experimental Program — Flexural behavior of short reinforced
concrete beams made with mixed recycled aggregate..........cccccuveeeeeeenn. 122
Figure 5-2. Setup and reinforcement of beams designed for ductile failure
(L0001 £ PP 124
Figure 5-3. Setup and reinforcement of beams designed for brittle failure (in
0] .0 PP PPUPRPRTN 125
Figure 5-4. Reinforcement positioned at wooden formwork and beams after
(ool gTeI =] (=3 o o1 U 1[0 To TP 126
Figure 5-5. Beam positioned for the four-point bending test................... 127
Figure 5-6. Detail of the LVDTs and speckle pattern for DIC.................. 128
Figure 5-7. Pull-out test setup and specimens’ details (in mm). ............. 129
Figure 5-8. Pull-out test photos. .........coiiiiiiii e 130

Figure 5-9. Typical bond stress-slip diagram considering ribbed steel bars
(adapted from [278]). .....e e 131

Figure 5-10. Moment—deflection at midspan of beams made with concrete
strength class C30 designed for ductile failure (C30-00-D, C30-20-D, C30-
50-D, and C30-100-D). X 132

Figure 5-11. Moment—deflection at midspan of beams made with concrete
strength class C50 designed for ductile failure (C50-00-D and C50-100-D).
............................................................................................................... 132

Figure 5-12. Comparison between the diagrams of the moment—-midspan
deflection of beams with 0% and 100% mixed recycled aggregate and
concrete strength classes C30 and C50........coooviiiiiiiiiiiiiiieeeeeeeen 135



PUC-Rio - Certificagdo Digital N° 1812817/CA

16

Figure 5-13. Strain diagrams in the mid-span section at 50% of ultimate

[0 7= T OSSR 136
Figure 5-14. Load-deflection for beams C30-xx-D and C50-xx-D at different
(oF=To =3 = Vo [= 1 PP PPUPRPRT 137

Figure 5-15. Moment—deflection at midspan of beams made with concrete
strength class C30 designed for brittle failure (C30-00-B and C30-100-B).

............................................................................................................... 138
Figure 5-16. Moment—rebar strain diagram. .........cccccoevvrrieniineeeeieinneenn. 139
Figure 5-17. Load-deflection relationship along the beams C30-00-B and
C30-100-B at different load stages. .........uueeeeeeiiiiiiiiiieeeeeeeeeee 140
Figure 5-18. Beams C30-00-B and C30-100-B at failure........cc..c..c....... 142
Figure 5-19. Crack distribution at the beams C30-xx-D at 50% of the ultimate
[0 TeT 0 01T 0| SRS PTP 143
Figure 5-20. Crack distribution at the beams C30-xx-D at the ultimate
[0 TeT 0 01T 0| SRS PTP 144
Figure 5-21. Crack distribution at the beams C50-xx-D at 50% of the ultimate
[0 TeT 0 01T 0| SRR SPTPP 145
Figure 5-22. Crack distribution at the beams C50-xx-D at the ultimate
[0 TeT 0 01T 0| SRS PTP 145
Figure 5-283. Crack distribution at the beams C30-xx-B at 50% of the ultimate
[0 TeT 0 01T 0| SRR 146

Figure 5-24. Crack distribution at the beams C30-xx-B at the ultimate
[0 TeT 0 01T 0| SO PRSP 146

Figure 5-25. Moment-average crack opening diagram until the ultimate
[T 0 1 T= o | 147

Figure 5-26. Magnification of moment-average crack opening diagram. 148

Figure 5-27. Bond strength-slip diagram for concretes a) C30 and b) C50.
............................................................................................................... 149

Figure 5-28. Scheme based on the equilibrium of internal strain and stress
for the reinforced concrete........ooooveiiiiiiiin 151

Figure 5-29. Theoretical and experimental moment-curvature diagrams for
C30-XX-D DEAMS. ... 153

Figure 5-30. Theoretical and experimental moment-curvature diagrams for
C50-XX-D DEAMS. ..o 153

Figure 5-31. Theoretical and experimental moment-curvature diagrams for
C30-XX-B DEAMS.... e 154

Figure A-0-1. Database creation on Bétonlab Pro 3 for natural coarse
AQGIEOATE. ... 199

Figure A-0-2. Database creation on Bétonlab Pro 3 for natural fine
aggregate (SANA). ....coi i 199



PUC-Rio - Certificagdo Digital N° 1812817/CA

17

Figure A-0-3. Database creation on Bétonlab Pro 3 for natural fine

aggregate (sand) - fraction S1-150 ym < ® < 0.85 mMm.......cccuvvveeeeeenn. 200
Figure A-0-4. Database creation on Bétonlab Pro 3 for natural fine
aggregate (sand) - fraction S2 - 0.85 mm < ® <4.75 mm.......c.cccceee..... 200
Figure A-0-5. Database creation on Bétonlab Pro 3 for cement CPII-F2%21.
Figure B-0-1. Calibration of “p” and “q” parameters for the natural coarse
A0Gregate (NAT )i 206
Figure B-0-2. Calibration of “p” and “q” parameters for natural fine
AQGIEALE. ... 206
Figure C-0-1. Mix proportions for concrete C30-20. ........ccccuveeeeeeerennnnnes 207
Figure C-0-2. Mix proportions for concrete C30-50. ........ccccueeeeeiiiirnnnnnne 207
Figure C-0-3. Mix proportions for concrete C30-100. ........cceeeeeeeereinnnnes 208
Figure C-0-4. Mix proportions for the reference concrete C50-00. ......... 208
Figure C-0-5. Mix proportions for concrete C50-100. .......ccceeeeeeeerinnnnee 209



PUC-Rio - Certificagdo Digital N° 1812817/CA

18

List of tables

Table 2-1. Properties of recycled concrete aggregate (RCA) and natural

granitic coarse aggregate (NAT) [T11]. oo 37
Table 2-2. Correlation between modulus of elasticity and compressive
strength of recycled aggregate concrete (Ec in GPa and fc in MPa). ....... 40
Table 2-3. Different techniques to improve the durability and mechanical
characteristics of recycled aggregate concrete. ........cccoeeveviiveeeeeiinneennnnnns 45
Table 2-4. Comparison of international standards for recycled aggregate.
................................................................................................................. 51
Table 2-5. Summary on the flexural behavior of recycled aggregate concrete
DB AMIS. . s nnnnnnnnnnnnnn 54
Table 3-1. Composition of recycled aggregate. ..........ccuveeeeiiiiiiiiiiieeennenn. 61

Table 3-2. The standard set of sieves used in the grain-size distribution
ANAIYSIS. ettt e e e e e e e e e e e e e e e e e e e e aaaan 65

Table 3-3. Uniformity Coefficient (Cu) and Coefficient of Curvature (Cc) of
coarse aggregates (NAT, MRA, RCA, RMA). ... 75

Table 3-4. Pulverulent content of Mixed Recycled Aggregate (MRA)....... 76
Table 3-5. Pulverulent content of Recycled Concrete Aggregate (RCA)..76
Table 3-6. Pulverulent content of Recycled Masonry Aggregate (RMA). .76

Table 3-7. Shape index of recycled and natural aggregates. ................... 76
Table 3-8. Physical properties of recycled and natural aggregates. ......... 78
Table 3-9. Physical properties of recycled and natural aggregates. ......... 79
Table 3-10. Experimental packing density for different particle size classes
of each coarse aggregate (NAT, MRA, RCA, and RMA). .......ccccvvvvvnnnnns 79
Table 3-11. Aggregate Crushing Value (ACV) of recycled and natural
= To [0 [ (=To =1 (=T J PP 81
Table 4-1. Summary of compaction index (K) values for different packing
PIOCESSES. ...iiieteieeetie e e e e e e e e e e e e e e e e e e e eaa e s e e e eaa e e e e an e e s e e rna e e e reaa s 89
Table 4-2. Summary of nomenclatures used for each concrete. .............. 94

Table 4-3. Experimental packing density for different particle size classes of
natural QUAIZ SANd...........eeiiiiiiii e 97

Table 4-4. Properties of fine aggregate fractions (S1 and S2) used for mix
design of high-strength concrete (C50). .....coooeeeeiiiiieiieee, 97

Table 4-5. Properties of the Fly Ash POZOFLY®...........ccoooiiiiiiiiiieenneenn. 98



PUC-Rio - Certificagdo Digital N° 1812817/CA

19

Table 4-6. Properties of the Silica Fume. .........cccooiii, 98
Table 4-7. Properties of the Silica 325. ..., 99
Table 4-8. Properties of the superplasticizer additive (www.basf.com.br).
............................................................................................................... 100
Table 4-9. Coarse and fine aggregate test procedures required for BétonLab
Pro 3 database. ........covvviiiiiiiiiiiieeeeeeeeeeeeee e 101
Table 4-10. Cement, mineral additives, and superplasticizer test procedures
required for BétonLab Pro 3 database. ..........cccocoiiiii 101
Table 4-11. Mixtures for calibration of the “p” and “q” parameters of NAT.
............................................................................................................... 103
Table 4-12. Mixtures for calibration of the “p” and “q” parameters of MRA.
............................................................................................................... 103
Table 4-13. Mixtures for calibration of the “p” and “q” parameters of natural
fine aggregate. ... ..o 103
Table 4-14. Concrete mixtures for concrete class C30..........cccceeeeeennnnn. 105
Table 4-15. Concrete mixtures for concrete class C50...........ccceeeeeennnnn. 105

Table 4-16. Experimental maximum compressive strength, maximum strain,
modulus of elasticity, and indirect tensile strength of concrete mixtures C30.

............................................................................................................... 111
Table 4-17. The total pore and mass volume of C30-00 and C30-50 samples
(274 e e et e e e e e e e e nneaean 114

Table 4-18. Experimental maximum compressive strength, maximum strain,
modulus of elasticity, and indirect tensile strength of concrete mixtures C50.

............................................................................................................... 114
Table 4-19. Correlation between experimental and theoretical compressive
strength of CONCrete. ... ... 115
Table 4-20. Correlation between concrete's experimental and theoretical
tensile Strength. ... .. 116
Table 4-21. Correlation between the experimental and theoretical modulus
of elasticity of concrete mixtures C30 and C50. ........ccccceeeiiiiiiiiiiieennnnn. 118
Table 5-1. Bending moments and deflections for beams designed for ductile
fAIlUIE. oo 133
Table 5-2. Bending moments and deflections at midspan for beams
designed for brittle failure. ... 139

Table 5-3. Maximum (Tb,max) and residual bond strength (7¢) for concrete C30
ANA CB0. . e e e e e aaaaaa—a 150

Table 5-4. Correlation between the experimental and the theoretical values
of the cracking moment and crack Opening. ........cccccuuueeeeeiiiiiiiiiiieeeeeeenn, 156



PUC-Rio - Certificagdo Digital N° 1812817/CA

20

1. Introduction

The construction sector is responsible for approximately 6 billion tons of CO-
emissions, which means 23% of global emissions [1]. Furthermore, in the period
1970 to 2019, global extraction of sand gravel and crushed rock for construction
increased by 425% [2]. For example, during 2019, only China was responsible for
the extraction of approximately 14 billion tons of sand gravel and crushed rock for
construction, while Brazil is responsible for 700 million tons/year in Brazil [3].
Besides, at the end of the construction chain, constructing new buildings and
demolishing and maintaining existing structures generate excessive waste.
Construction and Demolition Waste, commonly called CDW, covers many
materials, such as concrete, tiles, ceramics, plastic, wood, glass, bituminous
mixtures, metals, and even soil.

On a global scale, CDW accounts for 36% by weight of the total waste
produced on Earth [4]. In the USA, CDW discarded increased from 50 million tons
in 1980 to 548 million tons in 2015 [5]. In China, the annual CDW production
exceeds 1.5 billion tons [6]; meanwhile, in European Union countries, it reaches
about 850 million tons per year, representing 31% of the total waste generation in
the EU [7]. In 2020, Brazilian municipalities produced around 45 million tons of
CDW, equivalent to approximately 124 thousand tons/day [8].

Therefore, improper CDW disposal is a huge problem faced by many
countries. Irregular disposal in open dumps has the potential for environmental
contamination, causing flooding and landscape damage, and is also harming human
health as it enables disease proliferation. Thus, many countries, such as the USA
and European Union members, created waste management plans, looking for waste
reduction, the prohibition of uncontrolled disposal, and an increase in the CDW
recycling rate [9].

According to the USA Code of Federal Regulation 40 CFR Section 258.2,
all construction and demolition waste must be sent to special landfills [9];
meanwhile, the EU members follow the Council Directive 2000/532/EC, which

states that members should draw up waste management plans, looking for waste
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reduction and prohibition of uncontrolled discharge [10]. In Brazil, in 2010, Federal
Law N°. 12.305 established the guidelines to reduce waste generation, increase
recycling, promote eco-efficiency and sustainable development, and encourage
appropriate waste disposal.

Some countries are applying charges for landfill dumping. For example, a
$10/ton charge in New Zealand was introduced in 2008 as landfill sites became
scarce yearly [11]. In France, by federal law, illegal CDW dumping or incineration
on site is punishable with two years’ imprisonment plus a 76000 € fine [12]. As
another recycling incentive, nowadays, buildings under construction or significant
renovations can earn one to two points in the LEED Certification process when their
non-hazardous construction and demolition wastes are recycled or reused [13].

In countries lacking natural resources and landfills, such as Japan, CDW
recycling is about 85% [14]. However, although recycling and reuse are good
alternatives to waste disposal, in the USA and considering the average of European
countries, only 30% of the total CDW volume is consigned to recycling [15]. This
rate is even lower in some countries, such as China (5%) [6] and Portugal (9%)
[16]. In Brazil, about 60% of municipalities dispose of their waste inappropriately
in open dumps [17], recycling plants work on average with only 35% of their
capacity, and only 18% of CDW is recycled [18].

Despite the inexpressive number of CDW recycling, this process can
generate a material known as “recycled aggregate”. Using recycled aggregate to
replace natural coarse aggregate in concrete can be considered an environment-
friendly solution to the increasing landfill requirement for CDW disposal and the
scarcity of natural resources since aggregates represent about 70% of the total
volume of concrete [19].

However, since CDW is usually very heterogeneous and its composition can
be affected by several factors, such as the raw materials and the construction and
demolition procedures, the basic physical and mechanical properties of recycled
aggregates (shape and texture, specific gravity, absorption, moisture content,
permeability, and strength) will vary considerably.

CDW is frequently composed of concrete rubble and crushed clay bricks from
partitioning walls and cladding. For example, 70% of the recycling plants in Brazil

claim to receive predominantly mixed material [20] since wall portioning in most
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reinforced concrete buildings in Brazil have masonry, and CDW collection is
disorganized [21].

Because of this heterogeneity, recycled aggregates are classified as Recycled
Concrete Aggregate (RCA) when it is composed mainly of cement-based fragments
and natural rocks and as Mixed Recycled Aggregate (MRA) when it is composed
of a mixture of ceramic debris, bricks, cladding, concrete blocks, and mortar.

The use of Recycled Concrete Aggregate (RCA) as a replacement for natural
coarse aggregate has been extensively studied since the 90s. Most research works
have observed that an RCA replacement ratio smaller than 30% does not induce
expressive variations in the mechanical properties and durability aspects of the
resulting concrete [22]-[27]. The feasibility of using RCA in structural concrete has
also been verified [28]-[31].

Nevertheless, regarding the use of Mixed Recycled Aggregate (MRA),
because of its significantly variable composition, most researches focused only on
road construction and non-structural applications [32]-[37]. However, Yang, Du,
and Bao [38] analyzed the influence of using MRA from a British recycling plant
containing different levels of ceramic debris and verified that it was still possible to
produce quality concrete with MRA containing up to 20% of ceramic. In Brazil,
although similar results were obtained with MRA from the southeast region [39],
MRA is employed only as a road sub-base in Brazil.

Since aggregates represent about 70% of the total volume of concrete [19],
concrete properties are directly dependent on aggregates' physical and mechanical
properties. Therefore, international standards limit the use of recycled aggregate in
structural concrete depending on the desired concrete strength class and the
characteristics of the recycled aggregate. For example, Spanish, British, and
Portuguese standards limit the use of RCA to a 20% replacement ratio in structural
concretes up to C40 while not mentioning the use of MRA [40]-[42]. German and
Italian standards only allow the use of MRA in non-structural concretes [43], [44].
Meanwhile, the Australian standard allows using 100% MRA in structural concrete
C25 if its ceramic content is limited to 30% [45]. In Brazil, the use of recycled
aggregates in structural concrete, regardless of strength class, is limited to 20%

RCA by the Brazilian standard NBR 15116:2021 [46].
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1.1.Research significance

Despite all the environmental benefits and the growth potential of the CDW
recycling sector, some barriers still hamper the use of recycled aggregates on a
larger scale. It is necessary, for example, to ensure that recycling plants can
guarantee a consistent supply of high-quality recycled aggregates [47].

Usually, the ordinary recycling process comprehends different crushing,
screening, and separation stages to remove contaminants like reinforcement bars,
plastic, and glass. Different recycled methods can be applied depending on the
maximum size and the desired composition of the final output [48], [49].

The removal of contaminants can occur during construction/demolition,
optimizing the crushing time in the recycling plant and increasing the quality of the
recycled aggregate. However, pre-crushing separation demands more elaborate
waste management plans and an organized CDW collection, being more expensive
and time-consuming for the contractors. As a second option, CDW can be
stockpiled according to significant constituents in the recycling plant, and
separation can be done only after crushing (post-crushing separation) [50].

In the case of post-crushing separation, when it is necessary to separate the
ceramic and the concrete-based fragments, further advanced sorting techniques are
used, such as gravity concentration in the presence of water or air [S1]. However,
in addition to being very expensive, these advanced techniques do not guarantee a
complete separation between the ceramic and the concrete-based fractions [52].

Regarding structural elements, most research focuses on recycled concrete
aggregate [53]-[66], and most of them use recycled aggregate produced in the
laboratory, that is, with known characteristics and high technological control. On
the other hand, little is known in terms of the structural performance of concrete
produced with mixed recycled aggregate, that is, with a certain amount of ceramic
fragments, since research with this type of material is limited to the study of the
behavior of the concrete itself ([23], [34], [35], [67]-[70]), without reaching the
structural scale. Finally, most of the concrete produced in the world is manufactured
in mixing centers, that is, one way to promote the use of recycled aggregate in
concrete would be to develop or use standard mix design processes.

A better comprehension of Mixed Recycled Aggregate (MRA) properties and

their impact on structural concrete would increase market demand for this material
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as this initiative can decrease recycling costs and make the recycling process more
feasible. Consequently, the CDW recycling rate would increase, generating

numerous environmental benefits and improving the recycling sector economically.

1.2. Objectives

To move towards more sustainable building practices, the present work seeks
to assess the mix design and flexural performance of reinforced concrete beams
made with mixed recycled aggregate (with a certain amount of ceramic fragments)
to replace natural coarse aggregate. It is important to note that the mixed recycled
aggregate to be used in this research comes from a Brazilian recycling plant.

Thus, to achieve this main objective, three steps were defined. First, the
physical and mechanical properties of the recycled coarse aggregates with different
contents of ceramic fragments will be investigated. The results will be compared
with the physical and mechanical properties of a natural granitic coarse aggregate.
For each material, the experimental analysis will be carried out regarding
pulverulent content, grain-size distribution, shape index, density, porosity, water
absorption, strength, and packing density. Understanding the impact of the content
of ceramic fraction on the characteristics of the recycled coarse aggregate would
instigate the use of this material since recycling costs will decrease based on the
non-necessity of separating the ceramic fraction. This will also make the recycling
process more feasible, increases market demand for this material, and makes the
material more attractive for large-scale use.

Secondly, the compressive strength of predetermined concrete mixtures will
be estimated using the software BétonLab Pro 3, which is based on the
Compressible Packing Model (CPM) and was developed by the Institut francais
des sciences et technologies des transports, de l'aménagement et des réseaux
(IFSTTAR). This software relies on a raw materials database to estimate concrete
properties in fresh and hardened states and allows the simulation of different
materials mixtures to select the one that best meets the concrete’s desired properties.
At this stage of the research, two concrete strength classes will be analyzed
concerning compressive strength at 28 days: concrete class of 30 MPa and 50 MPa.
The concretes will be designed with 20%, 50%, and 100% mixed recycled coarse

aggregate to compare with the reference concretes (0% mixed recycled coarse
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aggregate). The theoretical results of compressive strength at 28 days will be
compared with the experimental values, to verify the accuracy of the concrete mix
design based on the Compressible Packing Model (CPM). In addition, the
experimental values of tensile strength and modulus of elasticity will be analyzed,
comparing them with the theoretical values provided by the Brazilian standard
ABNT NBR 6118:2014 [71].

Finally, the third stage of this research investigates the flexural behavior of
short reinforced concrete beams manufactured with mixed recycled aggregate when
subjected to short-term loading. Beams will be produced with concretes of strength
classes C30 and C50, and different contents of mixed recycled aggregate. Some
beams will be designed according to the Brazilian standard ABNT NBR 6118:2014
[71], considering a ductile failure, which means that reinforcement yields before
concrete failure. Some other beams will be designed with an over-reinforced section
to present a brittle failure (characterized by the crushing of concrete before the rebar
yields). The beams will be subjected to a four-point bending load and, through
instrumentation with LDVTs and strain gauges, analysis will be made regarding the
moment-strain diagram of the beams. In addition, using the Digital Image
Correlation (DIC) technique, the cracking pattern and crack opening will be
evaluated. In this stage, pull-out tests will also be executed to investigate the bond
behavior between the steel rebar and the different concretes. Finally, to investigate
the applicability of the Brazilian standard ABNT NBR 6118:2014 [71] to beams
made with mixed recycled aggregate, the experimental results will be compared to

theoretical equations, mainly concerning the cracking moment and crack opening.

1.3.Work Organization

Chapter 1: Introduction

This chapter describes the research's significance and objectives.

Chapter 2: Literature Review

This chapter presents a literature review on 1) CDW characterization; 2) the
recycling process; 3) the influence of recycled coarse aggregates in concrete; 4)
methods to improve the physical properties of recycled aggregates, 5) mix design

methods, and 5) structural applications.
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Chapter 3: Investigation of Physical and Mechanical Properties of Recycled
and Natural Coarse Aggregate

This chapter describes an experimental investigation of recycled coarse
aggregates' physical and mechanical properties compared with a natural coarse
aggregate. This investigation encompassed three types of recycled coarse aggregate
(mixed recycled aggregate - MRA, recycled concrete aggregate - RCA, and
recycled masonry aggregate - RMA). Each of these recycled coarse aggregates has
a different content of ceramic debris.

Chapter 4: Mix Design for Mixed Recycled Aggregate Concrete through the
Compressible Packing Model (CPM)

This chapter discusses the concrete mix design method based on the
Compressible Packing Model (CPM) principles, using the software Bétonlab Pro 3,
which relies on data from the constituent materials to forecasting specific concrete
properties. At the end of this chapter, the theoretical compressive strengths of
predetermined concrete mixtures were compared with the experimental
compressive strength to verify the accuracy of the concrete mix design based on the
Compressible Packing Model (CPM).

Chapter 5: Flexural Behavior of Short Reinforced Concrete Beams Made
with Mixed Recycled Aggregate

This chapter investigates the flexural behavior of short reinforced concrete
beams made with mixed recycled aggregate compared to the behavior of natural
aggregate concrete beams under short-term loading. Consequently, it evaluates the
possibility of using mixed recycled aggregate concrete beams in structural concrete
elements. It also evaluates the bond behavior between the steel rebar and the
different concretes through the results of pull-out tests.

Chapter 6: General Conclusions

This chapter presents a general briefing on the issues discussed in the thesis.

Chapter 7: Suggestions for Future Research

This chapter addresses some suggestions for future research to complement
the results of the present work.

Chapter 8: Published Articles

This chapter presents the details regarding the publication of articles based on

the results of this doctoral thesis.
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2. Literature Review

2.1.Introduction

This chapter presents a literature review on recycled coarse aggregate
replacing natural coarse aggregate in concrete. The paper selection was carried out
concerning the following selected keywords: "recycled aggregate” and “concrete”,
plus one of the following: "mechanical properties", "enhancement treatment", and
"structural performance". The survey was restricted to titles, abstracts, and
keywords of scientific papers, conference papers, and book chapters. Moreover, the
selected studies must have been published in English after 2000. The search for
eligible studies was conducted using Engineering Village, Science Direct, and
SciELO databases.

This literature review covers the characterization of Construction and
Demolition Waste (CDW) and the recycling process. Then, it shows how recycled
aggregates influence the characteristics of concrete and describes different methods
capable of improving the physical properties of recycled aggregates. Finally, it
presents different mix design methods and examples of structural applications of
recycled aggregate concrete.

The literature review shows that using recycled aggregate from construction
and demolition waste in structural concrete elements is feasible and can help solve

the excessive environmental impact caused by the construction industry worldwide.

2.2.Characterization of CDW

CDW composition can be affected by several factors, such as architectural
techniques, raw materials, and construction/demolition procedures. Nevertheless,
concrete, mortar, and red ceramics are the main components of CDW, reaching
above 70% by weight [72]. Figure 2-1 shows a CDW pile and concrete waste from

construction and demolition at Reciclax Recycling Plant in Ribeirdo Preto, Brazil.
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(a)
Figure 2-1. (a) CDW pile and (b) Concrete waste stocked at Reciclax Recycling Plant (Ribeirdo
Preto, Brazil) before being processed through the Ordinary Recycling Process.

In 2002, CONAMA (Brazilian National Council for the Environment)

published Resolution n°® 307 [73] classifying CDW as:

o Class A: brick, tile, flooring board, mortar, and concrete;

» Class B: plastic, glass, cardboard, paper, wood, and metal;

o Class C: materials with no economically feasible recycling techniques (e.g.,
gypsum);

o Class D: hazardous waste (e.g., solvent, oil, paint, and materials that contain
asbestos).

In the USA, the CDW classification includes the materials mentioned above
and salvaged building components (e.g., doors, windows, and plumbing), soil, and
rocks from clearing sites [74].

Nevertheless, crushed concrete and masonry are the primary CDW material
that can be transformed into different types of recycled aggregate. Technical
standards from different countries present different nomenclatures and
classifications for recycled aggregate produced from construction and demolition
waste. For example, the British Standard BS 8500-2:2015 [75] classifies:

» Recycled Concrete Aggregate (RCA): consisting of a minimum of 90% by
weight of Portland cement-based fragments;

« Recycled Masonry Aggregate (RMA): consisting of a minimum of 90% by
weight of ceramic bricks, roofing tiles, and mortar rendering;

o Mixed Recycled Aggregate (MRA) consists of masonry-based materials and
Portland cement-based fragments, the latter being up to 90% by weight.
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On the other hand, the Brazilian standard ABNT NBR 15116:2021 [47] does
not have a nomenclature for recycled aggregates with a composition of primarily
ceramic materials. This standard considers three classifications, as described below:
o Concrete Recycled Aggregate (ARCO): consisting only of different cement-

based fragments, such as concrete, mortar, and precast concrete blocks;

o Cementitious Recycled Aggregate (ARCI): consisting predominantly of
cement-based fragments; however, it may include up to 10% by weight of
ceramic materials such as ceramic blocks, tiles, and bricks;

« Mixed Recycled Aggregate (ARM): consisting of a mixture of cement-based
fragments (up to 60% by weight) and ceramic materials (up to 40% by weight).

In addition to concrete and ceramic materials, glass and plastic can replace
sand. A filler effect occurs when glass particles are smaller than 38 pm and used in
a replacement ratio of up to 30%. This filler effect improves the compressive
strength of the concrete and some long-term properties, such as permeability and
resistance to chloride ion penetration. If the glass can be ground even finer,
pozzolanic activity is expected to improve remarkably [76]-[78].

When plastic aggregates are used in concrete, mechanical properties decline
as the replacement ratio increases due to a weak bond between plastic aggregates
and cement paste and because plastic aggregates present low strength and low
modulus of elasticity [79], [80]. Nevertheless, concrete with plastic substituting fine
aggregates can be used as sub-bases for highway pavements and low-strength
applications. Moreover, due to the increase in water absorption, recycled fine
aggregates can be used in sports courts and pavements where there is a need for
proper water drainage [81].

Nevertheless, when processing recycled aggregate, every effort should be
made to reduce as far as possible the percentage of embedded items (e.g., wood,
plastic, and glass). The weak bonding between these components and cementitious
matrices can lead to lower-strength concrete and more susceptibility to hazardous

materials that reduce durability [69], [82].

2.3.Recycling Process

The recycling process transforms the construction and demolition waste into

a smaller-sized fraction in mobile or fixed recycling plants [15]. The number of



PUC-Rio - Certificagdo Digital N° 1812817/CA

30

recycling stages and different types of crushing influence recycled aggregate
characteristics. Due to collision and peeling-off effects, the recycling process also
improves the shape of aggregates leading to rounder and less sharp particles [75],
[83], [84]. In this mechanical grinding process, a high-speed rotating eccentric gear
causes a rolling vibration effect that pulverizes the adhered mortar [85]. Different
recycled methods can be applied depending on the maximum size and the desired
quality of the final output.

The “Ordinary Recycling Process” (ORP) comprehends different crushing,
screening, and sorting stages to remove contaminants like reinforcement bars,
plastic, and glass. In this method, CDW passes through a primary crusher in a jaw
crusher, which can handle residual reinforcement bars and large pieces of concrete.
Then iron scraps are removed using a magnetic separator, and the remaining
material passes through sieves. Thus, particles larger than 20 mm are crushed again
in a secondary crusher, such as an impact or rotary crusher. Secondary crushing can
be repeated if necessary [11], [14], [86], [87]. A schematic representation of the

“Ordinary Recycling Process™ can be seen in Figure 2-2.

l Impact or
Concrete Rubble Jaw Crushar Magnetic Separator Sieve Rotary Crusher

&g v
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w @

Iron Coarse Fine
SCraps aggregate aggregate

Figure 2-2. Schematic representation of the Ordinary Recycling Process (ORP).

Nevertheless, other mechanical methods allow higher-quality recycled
aggregates with similar characteristics to conventional ones. In these methods, the
impact or rotary crusher is substituted by an eccentric rotor, a screw crusher, or an
improved jaw crusher [49]. During this more complex mechanical method, the input
material is better processed, removing the adhered mortar and reducing the size of
the aggregates by continuous friction between them.

Besides the mechanical grinding, it is also possible to heat the recycled

aggregate, weakening the adhered mortar. The high temperature during the thermal
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process generates cracks in the adhered mortar, decreasing its mechanical strength,
thus becoming easily removable from the original aggregate surface. For example,
the Heating and Sorting (HS-RK) method produces recycled aggregates with only
2% of adhered mortar after thermal treatment up to 700°C in a rotary kiln [88]. In
2005, a method known as Heating and Rubbing (HR-F) was introduced. In this
procedure, rough-crushed concrete pieces (smaller than 40 mm) are first heated to
approximately 300°C in a kerosene furnace during 40-60 min and then crushed and
rubbed in a tube mill [89].

This process was improved in 2011, using an impact crusher and a special
microwave oven instead of a kerosene furnace [90]. In this new technique, the
material is heated for only 2 min, reducing energy consumption. Microwave
weakening pre-treatment is effective irrespective of the nature of the aggregates
used in concrete and even when the material is exposed to a shallow microwave
heating energy [91]. Generally, the adhered mortar is easily removed at a higher
temperature; however, the properties of RCA may be degraded when it exceeds
500°C. Besides the good results of thermal grinding, it consumes a lot of energy
and produces additional carbon dioxide emissions. Figure 2-3 shows a schematic

representation of the recycling processes involving heat.

Rotary Kiln /
Concrete Rubble Faw Cruher Magretic Separator Kerowene Furnace Sirew

Microwane Owen

Iren Canrse Fans
Scrags aggregats aggregate

Figure 2-3. Schematic representation of recycling processes involving heat.

Regarding water use, thermal expansion is an advanced wet recycling
technique. CDW is immersed in water for two hours to saturate the adhered mortar
thoroughly. After that, samples are dried at about 500°C for two hours and then
submerged in cold water. While heating induces the formation of water vapor in the
saturated adhered mortar, the immediate cooling causes stress and, consequently,

cracks in the adhered mortar, which can be easily removed afterward [92].
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Wet techniques also include autogenous cleaning, where recycled aggregate
particles collide against each other in a rotating mill drum. Then the material is
cleaned with water and dried to remove all the remaining fines and impurities [93].
However, although these wet recycling methods effectively remove the adhered
mortar, they have a significant water demand, making the process more complex,

expensive, and, in some way, impacting its sustainability.

2.4.Influence of Recycled Coarse Aggregates on the Concrete
2.4.1. Fresh State and Workability

The coarse aggregate grains' shape directly influences the concrete's quality
as it changes its workability and, consequently, its mechanical strength. For the
same workability, concrete made with rounded aggregates requires less mixing
water than concrete made with angular-shaped aggregates. Therefore, spherical
aggregates are more advantageous as the water/cement ratio highly affects the
compressive strength of concretes. Also, irregular, elongated, and lamellar grains
have a larger specific surface. They can get stuck between the steel bars of the
reinforced concrete, resulting in the formation of voids during concrete pouring, a
phenomenon highly harmful to the performance of structural concrete elements. On
the other hand, aggregates with an angular shape offer higher adhesion to the mortar
and increase interlocking. Thus, using angular aggregates for the same w/c ratio and
guaranteeing proper casting and compaction leads to concretes with higher strength.

There are, therefore, two characteristics regarding the shape of coarse
aggregates: the rounded shape, facilitating workability and worsening adherence;
and the angular shape, worsening workability but enhancing the bond between
aggregates and mortar. Recycled aggregates are usually flatter and elongated than
natural aggregates, exhibiting a higher shape index [23].

Another important consideration is that recycled aggregates have a higher
water absorption capacity; thus, they absorb water from the cement paste, resulting
in concrete with poor workability and reduced control of the effective w/c ratio in
the cement paste [94]. For Recycled Concrete Aggregate (RCA), this higher water
absorption capacity can be explained by the presence of an adhered mortar
characterized by micro-cracks and pores [95], [96]. Likewise, as ceramic materials

are naturally more porous than natural rocks, Recycled Masonry Aggregate (RMA)
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and Mixed Recycled Aggregate (MRA) also absorb more water than conventional
aggregate [97]. Therefore, when recycled aggregates are saturated before mixing, it
improves hardened concrete's workability and compressive strength [98].

The slump value of concretes made with recycled aggregates is influenced
by their moisture states, shape, and replacement ratio [95]. As the replacement ratio
increases, concrete loses cohesion, affecting the fresh concrete's homogeneity
during casting. Thus, the mechanical and durability properties of hardened concrete

can be modified.

2.4.2. Hardened Recycled Aggregate Concrete
2.4.2.1. Microstructure and Interfacial Transition Zone (ITZ)

Conventional concrete is a two-phase composite with an interfacial
transition zone (ITZ) between aggregate and cement matrix. The ITZ serves as a
bridge between the aggregate and mortar matrix. Moreover, when the individual
components have high stiffness, the stiffness of the concrete may be low because
of the voids and micro-cracks in the ITZ, which do not permit stress to be
transferred [99]. Figure 2-4 shows an optical micrograph of recycled aggregate
concrete made with 50% mixed recycled aggregate (MRA) where it is possible to
observe a natural aggregate, a recycled ceramic aggregate, and the interfacial
transition zone between the cement mortar and the two types of aggregates. This
optical micrograph was taken using a stereomicroscope at the Structures and

Materials Laboratory at PUC-Rio.



PUC-Rio - Certificagdo Digital N° 1812817/CA

34

Figure 2-4. Optical micrograph of concrete made with Mixed Recycled Aggregate (MRA).

Concrete made with recycled concrete aggregate (RCA) differs from
conventional concrete by the presence of two ITZs: an old one between the
conventional coarse aggregate and the adhered (old) mortar; and a new one between
adhered (old) mortar and new cement matrix (Figure 2-5). Through
nanoindentation, the thickness of the old ITZ was measured between 40-50 pum,
while for the new ITZ, it ranges from 55-65 pm [100].

Therefore, in this case, the microstructure of recycled aggregate concrete is
much more complicated than conventional concrete. The old ITZ represents a weak
region because it is more porous and has pre-existing cracks. Thus, this old ITZ has
a more significant potential to initiate cracks and, consequently, affects the
mechanical behavior of the recycled aggregate concrete [101]. The mechanical tests
have shown that failure happens, in general, through the old ITZ, meaning that the
old mortar has a higher tendency to crack when compared with new mortar [25],
[102], [103]. Nevertheless, the presence of the old mortar does not affect the bond

strength between recycled aggregate and new cement mortar [104].
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Figure 2-5. Schematic diagram of old and new ITZ.

2.4.2.2. Porosity and Pore Structure

Concrete is a compulsorily porous material regardless of the aggregate used.
The voids in concrete can appear because of excess water used to obtain suitable
workability, a decrease in absolute volume from the hydration of cement
constituents, air incorporated during the mixing process, and cracks of different
origins. These voids are usually interconnected, so concrete is customarily
permeable to liquids and gases. Consequently, it is crucial to understand the
permeability of concrete, not only for its use in submerged constructions but also
when aggressive agents can threaten concrete durability.

Different methods can be used to evaluate the permeability of cement-based
materials [ 105]. Mercury intrusion porosimetry (MIP), water vapor adsorption, and
nitrogen adsorption are typical techniques. However, these methods assume that the
pore geometry is regular, interconnected pores and that water loss does not affect
pore size distribution during drying. Thus, as a single technique cannot sufficiently
characterize the cement-based materials' pore structure, Abell et al. [106] suggested
a combination of mercury intrusion porosimetry (MIP) and microscopy with

backscattered electron images (BSE).
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The higher porosity of recycled aggregate concrete acts as a presumable
channel for water transport. On average, recycled aggregate concrete absorbs 25%
more water than conventional concrete, independently of the type and quantity of
binder [96], [107]. This higher water absorption capacity affects the actual w/c ratio
of concrete as concrete made with recycled coarse aggregates typically needs more
water than conventional concrete to obtain the same workability; it also affects the
cement hydration process and the homogeneity of the fresh concrete during casting,
reducing the mechanical strength and the durability of concrete. Besides, the
literature does not specifically discuss different curing methods for recycling
aggregates. Like conventional concrete, recycled aggregate concretes are kept
under curing conditions, usually in a humid chamber, for 28 days.

The higher water absorption of recycled aggregates also affects the concrete
drying shrinkage. In conventional concrete, the drying shrinkage is mainly
influenced by the cement mortar; meanwhile, coarse aggregates play an inhibitory
effect on the shrinkage of cement mortar. However, because of the higher water
absorption of recycled aggregates, drying shrinkage increases with the recycled
aggregate replacement ratio [26], [83], [108], [109]. This effect is due to the higher
deformability of recycled aggregate concretes, caused mainly by the adhered mortar
on the recycled aggregate surface, generating a weaker interfacial transition zone
(ITZ), resulting in less aggregate-restrained shrinkage.

Since density is the ratio between the mass and volume of the material,
because of its higher porosity, recycled aggregate concrete also presents a lower
density than conventional concretes for all different strengths and curing ages [83],
[107]. The existing voids in the concrete facilitate the propagation of cracks,
reducing the strength of the hardened concrete. The higher permeability of recycled
aggregate concrete also makes it more susceptible to aggression by external agents
such as chloride ions, reducing its durability [110].

This pore structure also interferes with the mechanical strength of the
aggregate itself. Regarding its strength to crushing and degradation, recycled
aggregate has a higher aggregate crushing value, higher Los Angeles abrasion
index, and lower “10% fine” value [83], [95], [96], [109]. As an example, Table
2-1 compares some properties of recycled concrete aggregate (RCA) with natural

granitic coarse aggregate (NAT) [111].



PUC-Rio - Certificagdo Digital N° 1812817/CA

37

Table 2-1. Properties of recycled concrete aggregate (RCA) and natural granitic coarse aggregate

(NAT) [111].

Properties NAT RCA
Oven-dry Density (kg/m®) 2570 2253
Bulk Density (kg/m?) 1424 1315
Apparent Porosity (%) 3.1 14.4

Water Absorption (%) 1.2 6.4
Shape Index 1.87 1.97
Aggregate Crushing Value (ACV) 30.5 325

However, this influence on porosity is less critical at higher ages because of
the continuation of the hydration process, increasingly generating calcium silicate
hydrates (C—S—H). Kwan et al. [112] showed that microstructure becomes denser
at later ages and capillary spaces narrow. Moreover, after Ultrasonic Pulse Velocity
Test (UPV), it was observed that although UPV values decreased for a higher
recycled aggregate replacement ratio (indicating a higher number of cracks and
voids), the UPV values were still acceptable for all samples. Thus, these results
suggested that recycled aggregate concretes do not contain large voids or cracks

directly affecting their structural integrity.

2.4.2.3. Mechanical Behavior

The impact on concrete mechanical behavior when using recycled aggregate
to replace natural coarse aggregate has been extensively studied. Like conventional
concrete, the compressive strength increases over the age of recycled aggregate
concrete. However, as the recycled aggregate replacement ratio increases, the
compressive strength at a given age usually decreases.

Nonetheless, the results vary considerably among the several published
studies on the compressive strength of concrete produced with recycled aggregate.
Two main reasons can explain this significant variability. First, the same recycled
aggregate can cause different impacts on concrete depending on the quality of the
mechanical properties of the natural aggregate to be replaced. Second, different
studies usually adopt different strategies: concretes with the same water/cement
ratio, the same effective water/cement ratio, or the same workability (which leads
to a different water/cement ratio). Furthermore, the conclusions also depend on the

recycled aggregates' shape, size, composition, and mechanical properties [113].
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Several studies have shown that tensile strength also decreases when the
replacement ratio of recycled aggregate increases. This reduction can reach 13%
for higher replacement ratios [107], [114]-[119]. This reduction in tensile strength
directly impacts the use of recycled aggregates in structural elements. It reduces the
shear strength and the flexural cracking load of recycled reinforced concrete beams
compared to beams made with conventional concrete.

Bravo et al. [23] analyzed the mechanical performance of concretes made
with recycled aggregate from different locations in Portugal and obtained the worst
results with aggregates with a higher amount of clay. The clay covers the recycled
aggregate grains and restrains the bond between aggregate and cement paste.
Moreover, as it absorbs the mixing water, it is necessary to increase the water-
cement ratio to obtain the same slump. Regarding the use of recycled concrete
aggregate (RCA), the mechanical behavior is directly proportional to the strength
value of the original concrete because recycled aggregate from high-performance
concrete has a relatively dense ITZ, while recycled aggregate from normal-strength
concrete has a porous ITZ [120], [121]. Concerning the moisture state of recycled
aggregates, De Oliveira and Vazquez [122] observed that using semi-saturated
aggregates presents better results regarding concrete compressive and flexural
strength.

Figure 2-6 presents the relationship between the compressive strength and
recycled aggregate replacement ratio for different concrete grades based on the
results published by several authors [23], [24], [26], [38], [67], [68], [83], [95],
[107], [108], [112], [115], [116], [118]-[120], [123]-[167]. The results present a
preeminent variation for higher concrete grades and especially for higher recycled
aggregate ratios. For C35-C40, C45-C50, and C55-C60 over 50% recycled
aggregate, the results present a more significant variation, profoundly increasing
for RA/NA ratio equal to 100%. This expressive variation does not occur for the
C25-C30 concrete grade: the results vary approximately constantly, regardless of
the recycled aggregate ratio.

For all types of concrete, it is possible to observe a reduction in compressive
strength as the recycled aggregate ratio increases. However, this reduction is much
more expressive for higher concrete grades (C45-C50 and C55-C60). The failure
planes could explain this. Butler et al. [140] observed that failure planes for a

concrete C30 occurred around the aggregate, indicating that the interfacial



PUC-Rio - Certificagdo Digital N° 1812817/CA

39

transition zone (ITZ) was the limiting strength factor. However, for a concrete C50,
the failure plane occurred mainly through the aggregates, indicating that the
strength of the coarse aggregate itself was the limiting strength factor. Thus, it is
possible to assume that, for higher concrete grades, where ITZ is stronger, the
concrete strength reduces more expressively when the recycled aggregate ratio
increases. On the other hand, for lower concrete grades, depending on the properties
of the recycled aggregate, the ITZ can be more limiting for the strength, and the
increase in recycled aggregate ratio could not cause a significant impact on the

concrete strength.
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Figure 2-6. Compressive Strength versus Recycled/Natural aggregate (RA/NA) ratio for different
concrete grades, based on the results published by several authors [23], [24], [26], [38], [67], [68],
[83], [95], [107], [108], [112], [115], [116], [118]-[120], [123]-[167].

Different studies have also shown that the concrete modulus of elasticity
reduces as the content of recycled aggregate in concrete increases [23], [24], [38],
[83], [107], [108], [118], [119], [123]-[139], [167]. However, this decrease is more
noticeable when recycled aggregate has more adhered mortar [83]. The modulus of
elasticity is an important parameter to be observed because it directly affects the
behavior of reinforced concrete structural elements. For example, the higher the

modulus, the lower the deflection of beams and slabs.
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Some authors have suggested different equations that correlate the modulus
of elasticity and the compressive strength of recycled aggregate concrete. Some of

these equations are in Table 2-2.

Table 2-2. Correlation between modulus of elasticity and compressive strength of recycled
aggregate concrete (Ec in GPa and fc in MPa).

Reference Equation
Cabral et al. [72] Ec =2.58 * fc063
Lovato [168] Ec =5.74 * £c%5 - 13.39
Ravindrarajah and Tam [169] Ec =4.63 * {03

Each of these authors analyzed only their experimental results to define their
equation. Thus, to increase sampling in this study, the experimental results obtained
for the compressive strength and modulus of elasticity of several studies were
compiled in a single graphic curve, namely “Experimental Data” in Figure 2-7.
Then, using the equations above and the compressive strength obtained
experimentally, the theoretical modulus of elasticity was calculated using the three
equations in Table 2-2. Therefore, Figure 2-7 presents these three theoretical
curves and the original “Experimental data” curve for four different concrete grades
(C25-C30, C35-C40, C45-C50, and C55-C60).

Figure 2-7 shows that the modulus of elasticity reduces as the content of
recycled aggregates in concrete increases. This effect is attributed to the two
interfacial transition zones (ITZ). This second (old) ITZ tends to be weaker than the
paste-aggregate matrix of conventional concretes and consequently reduces the
concrete strength, leading to higher deformability of recycled concretes compared
with conventional concretes.

It is also possible to observe from Figure 2-7 that regardless of the concrete
grade and the recycled aggregate ratio, there is a large discrepancy between the
results obtained experimentally and those obtained through the theoretical curves
proposed by the three authors in Table 2-2. This divergence occurs mainly because
the recycled aggregates are very heterogeneous, and the theoretical curves use only
compressive strength as a parameter. Thus, for better estimation, probably more
parameters should be considered, such as recycled aggregate density or water

absorption.
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Figure 2-7. Correlation between modulus of elasticity and Recycled/Natural aggregate (RA/NA)
ratio for different concrete grades: (a) C25-C30, (b) C35-C40, (c) C45-C50, and (d) C55-C60.

Because of this considerable heterogeneity of recycled aggregates, different
parameters should also be considered for mix design. As will be seen later, several
authors proposed different approaches for the mix design of recycled aggregate
concretes and the prediction of their compressive strength, considering the peculiar

characteristics of recycled aggregates.

2.5.Methods to Improve the Recycled Aggregates Physical
Properties

In addition to mix design methods, some strategies are used to improve the
physical properties of recycled aggregates and minimize the gap performance
between natural and recycled aggregate concrete mixtures, such as pre-soaking in

acid, two-stage mixing approach (TSMA), the addition of pozzolanic micro-



PUC-Rio - Certificagdo Digital N° 1812817/CA

42

powders, use of polymer emulsion, microbial carbonate bio-deposition, and
carbonation.

Modifying the materials' mixing sequence can be enough to change concrete
properties when using recycled aggregates. For example, some authors have
adopted the “Two-Stage Mixing Approach (TSMA).” In this method, the required
water is split into two equal parts, and each part is added to the mixture at two
different times, as shown in Figure 2-8. By doing that, researchers have observed
a layer of cement slurry on the surface of recycled aggregate [170]-[172]. Also, the
total volume of voids and CH crystals in the new ITZ decreased [158].
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Figure 2-8. NMA (Normal Mixing Approach) and TSMA (Two-Stage Mixing Approach) [158].

Pre-soaking in acid, for example, can be used to remove the adhered mortar
and enhance the quality of recycled concrete aggregate (RCA), as the hydration
products of cement in the hardened paste are dissolved, reducing porosity and water
absorption capacity [73],[134]-[136]. However, using acids in higher
concentrations threatens the workers' safety and adds detrimental ions, such as Cl-
and SO04%, to the recycled concrete aggregates, which can cause durability issues in
recycled concrete. Therefore, there is a need for a massive amount of water to wash
treated recycled concrete aggregates. Moreover, the disposal of this washing water
and the residual of this treatment create new environmental problems. To
compensate for these drawbacks, Wang et al. [176] used acid acetic as a treatment

solution in their studies because it is safer, cleaner, and lower cost than HCI or

H>SOqs.
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On the other hand, some methods were developed to seal the pores of
recycled aggregates. The addition of pozzolanic micro-powders, polymer emulsion,
microbial carbonate bio-deposition, and carbonation are some examples.

Polymer emulsions have adhesive properties and can solidify in a short
period. As they are water-repellent, polymer emulsions reduce the water absorption
capacity of porous materials, such as recycled aggregates [166], [177]-[181]. This
treatment can usually be done by two methods: dispersion of the polymer emulsion
into fresh concrete during the fabrication process or coating treatment, where the
surface of the concrete is coated by polymer emulsion. Both methods can improve
the durability of recycled aggregate concrete. However, the coating treatment is
more effective because it can achieve a more considerable impregnation depth
[182].

Regarding the addition of pozzolanic micro-powders, modification of ITZ
microstructure can be achieved through physical or chemical mechanisms. The first
is characterized by mineral admixtures' ability as micro-filler, filling ITZ micro-
pores. Meanwhile, the chemical mechanism relates to the pozzolanic reaction in
water presence [152]. When mineral admixture is added to the concrete, a denser
ITZ, as well as better workability and mechanical, are observed because: (a) the
relatively lower water-to-binder ratio of coating slurry promotes a higher strength
of the recycled aggregate concrete; (b) the pozzolanic coating layer forms a barrier
to inner bleeding of water, which improves the workability and, consequently,
strengthen the traditional weak ITZ; (c) pozzolanic material results in consumption
of calcium hydroxide accumulated in the pores and on the surface of the adhered
mortar to form new hydration products, resulting in a denser calcium silicate
hydrate (C-S-H) structure and C3A, capable of chemically binding chloride ions and
improve the bond between the recycled aggregate and cement paste [183].

Microbial carbonate bio-deposition has already been widely studied to
protect and consolidate the surface of stones and concretes. It is based on the ability
of some bacteria to induce calcium carbonate crystal precipitation through various
physiological activities. These physiological activities form a continuous
waterproof layer on the surface and fill the pores, working as a barrier to prevent
water penetration and other corrosive substances. This dense surface and decreased
permeability improve the mechanical behavior and durability of the concrete [184]—

[187].
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In another innovative method, known as “carbonation”, the CO» reacts with
Ca(OH)> and hydrated calcium silicate (C-S-H), which are the main cement
hydration products in the old cement mortar, to form CaCOs3 and silica gel, which
fill the pores of the adhered cement mortar. Overall, this method decreases porosity,
strengthening the weak surface and lowering the water absorption of the porous
cement mortar, which is usually accompanied by a strengthening effect [188].

Therefore, carbonation treatment is efficient and environmentally friendly
as it can capture CO emitted from industrial processes. However, the time needed
is much longer than other methods. Also, the concentration of CO; and humidity
influence efficiency. The method can be helpful in non-reinforced structures;
however, reinforcement steel bars, used in reinforced concretes, lose their passivity
and becomes vulnerable to corrosion, as the carbonation causes a reduction in the
pH of the cement paste [188]-[192].

Sometimes, a combination of methods is used. For example, some authors
proposed pre-soaking in acid and impregnation with a solution of calcium
metasilicate [125] or silica fume [175]. In the same way, in some studies, the Two-
stage Mixing Approach (TSMA) was used in addition to impregnation with
different pozzolanic micro-powders, such as fly ash, silica fume, and blast furnace,
improving, even more, the characteristics of the recycled aggregate concrete [193],
[194].

Ultimately, all methods can improve the durability and mechanical
characteristics of concrete made with recycled aggregate. Table 2-3 summarizes

different techniques and the results obtained by various authors.
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2.6.Mix Design Methods

As seen in Section 2.5, the proposed methodologies to improve recycled
aggregates' physical properties include strategies to remove the adhered mortar or
seal the pores of recycled aggregates, consequently reducing their water absorption
capacity. Unfortunately, they are usually expensive, create pollutants, and increase
energy consumption, enhancing the cost of producing recycled aggregate concrete
and creating barriers to application on construction sites.

Thus, while trying to better understand the impact of using recycled aggregate
as a substitute for natural coarse aggregate, some authors concluded that two key
parameters need to be overseen: the initial moisture conditions of the aggregates
and the mixing procedure [98], [204]-[206].

However, although ACI-555R [207], for example, provides some guidelines
for proportioning concrete mixes made with recycled concrete aggregate, neither it
nor any other source gives a specific mix design method for achieving targeted fresh
and hardened properties for recycled aggregate concrete. However, because of the
higher porosity and water absorption of recycled aggregates, the mix design
procedures available in the literature for conventional concrete cannot be directly
applied in the case of recycled aggregate concrete [208].

Thus, in 1990, Bairagi et al. [209] developed an empirical relation to
modifying the aggregate-to-cement ratio obtained by the ACI method, making it
possible to design recycled aggregate concrete for a required strength between 15
and 30 MPa. After that, Topcu and Sengel [210] obtained recycled aggregate
concretes with compressive strength equal to the associated conventional concretes
by direct weight, replacing the natural aggregates with recycled aggregates and
adjusting the w/c ratio. Still, their study has not reported equal or higher modulus
of elasticity for recycled aggregate concrete. The compressive strength in concrete
mostly depends on the mortars’ strength and interfacial transition zone, while the
modulus of elasticity is a function of the volume fractions and the modulus of
elasticity of the aggregate and the mortar. Generally, recycled aggregate concrete's
lower modulus of elasticity is attributed to residual mortar in recycled aggregate.

For this reason, Fathifazl et al. [211] believed that knowledge of the actual
residual mortar content in recycled aggregates is essential for proper mix design.

Therefore, based on the assumption that recycled aggregate is composed of mortar
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and natural aggregate, they proposed a mix design method where the amount of
each phase is considered, and the coarse aggregate and cementitious paste content
are adjusted to achieve the same mortar volume of a mixture entirely made with
natural coarse aggregates. This method was called “Equivalent Mortar Volume
(EMV)”. Applying the proposed EMV method, the recycled aggregate concrete's
cement and fine aggregate content can be significantly reduced without
jeopardizing its fresh and hardened properties compared to conventional concrete.

Later, a different concept was developed by Gupta et al. [212] for mixing
recycled aggregate concrete, namely “Equivalent Coarse Aggregate Mass
(ECAM)”. The central concept in the ECAM method is that an equivalent mass of
the original virgin coarse aggregate from recycled aggregate replaces the mass of
coarse aggregate in conventional concrete. In other words, the total quantity of
coarse aggregate in the recycled concrete mix equals the sum of the mass of natural
coarse aggregate and the mass of original virgin aggregate. Thus, the authors could
design recycled concrete up to a nominal replacement ratio of 50% with fresh or
hardened state characteristics like conventional concrete.

Usually, replacing natural aggregate with recycled aggregate is done without
considering particle sizes. However, within a sample of coarse aggregates, natural
or recycled, there are distinct fractions of different sizes. So, in 2017, Bui et al.
[131] improved the mechanical properties of recycled aggregate concrete by
replacing only small-size particles of natural aggregate with recycled aggregate.
With the new combination method, they made concrete with 50% recycled
aggregate with significant improvement in the modulus of elasticity and no major
reductions in compressive strength.

Some authors have also proposed methods to predict the compressive strength
of recycled aggregate concrete. While Deshpande et al. [213] used the Artificial
Neural Network technique, Pepe [214] proposed a conceptual model where
recycled aggregate's high porosity influences the free water available for the
mixture and, consequently, the time evolution of the compressive strength.

Cement-based materials, including recycled aggregate concrete, are
composed of a granular system, whereas the size (coarse or fine), shape (rounded
or angular), and type of parent rock of the aggregate significantly affect their
performance. The fresh and hardened properties of concrete are significantly

affected by the packing density of the solid ingredients. Therefore, the proper
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estimation of the proportion of aggregates is essential. The ‘Particle Packing
Method (PPM)” method involves determining the proportion of coarse aggregate
and fine aggregate mixture to obtain maximum packing density.

In this optimization process, smaller particles fill up the voids between large
particles. With a smaller volume of voids at the fresh state, the volume of voids
remaining to be filled by cement hydration products at the hardened state would
also be smaller, leading to a more compact micro-structure of the recycled
aggregate concrete. This compact micro-structure makes the concrete stronger
(higher strength), stiffer (larger modulus), and tougher (higher toughness).
Moreover, the increase in packing density leads to a reduction in the binder and
water content. Therefore, the two important steps in the PPM mix design are
determining aggregate fractions packing density and the paste content. There are
different discrete Particle Packing Models to calculate the concrete packing density,
such as the Furnas Model, Aim Model, Modified Toufar Model, Strovall Model,
Dewar model, Linear Packing Model (LPM), Solid Suspension Model (SSM),
Compressible Packing Model (CPM), and 3-Parameter Model. [215], [216].
Pradhan et al. [217] used a Particle Packing Method and observed that recycled
concrete aggregate could be effectively used at 100% replacement level without
deteriorating compressive strength, tensile strength, and modulus of elasticity of

recycled aggregate concrete.

2.7.Structural Applications

Although studies on recycled aggregates have been done for many years,
their current applications are almost exclusively in low utilities, such as landscaping
and pavements [218]. This situation can be explained by the inconsistent supply of
recycled materials, limited standards or specifications, lack of in-service evidence,
insufficient financial incentives and government support, and the general
perception that recycled aggregate concrete is inferior to conventional concrete
[219], [220].

As seen before, international standards restrict the use of recycled
aggregates in structural concretes. The acceptable content of recycled aggregates in

concrete depends on the desired concrete strength class and the characteristics of
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the recycled aggregate, such as composition, dry density, water absorption, and the
content of contaminants.

In Brazil, for example, until 2020, recycled aggregates were limited to non-
structural applications. However, a revision of the Brazilian standard ABNT NBR
15116:2021 [46], published in 2021, allowed up to 20% of recycled aggregate in
structural concrete of any strength class. Nevertheless, the recycled aggregates must
have specific characteristics such as water absorption up to 7%, a content of SO4
and CI smaller than 0.1%, contaminants smaller than 1%, and, most importantly, be
composed of only cement-based fragments.

Table 2-4 summarizes standards governing recycled aggregates' use in
different countries. The increase in the recycled aggregate's allowed content is
usually accompanied by a reduction in the allowed water absorption capacity and
percentage of contaminants, as in the German standards [221], [43]. For recycled
concrete aggregate from concrete waste, the use of up to 90% of recycled aggregate
is allowed if water absorption is at most equal to 10% and the content of
contaminants up to 0.2%; meanwhile, for recycled concrete aggregate from
demolition waste, the content of recycled aggregate is limited to 70%, while the
limits for water absorption capacity and percentage of contaminants increase to
15% and 0.5%, respectively. A similar situation occurred in Portugal [42] and
Australia [45]. On the other hand, in Italy [44] the limitation occurs only for
concrete strength class and type of recycled aggregate: RCA (recycled concrete
aggregate) can replace up to 30% of natural coarse aggregate for concrete with

strength class up to C30/37.
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Many authors have investigated the structural performance of reinforced
concrete beams with different contents of recycled concrete aggregate instead of
natural aggregates to assess the applicability of recycled aggregates on a structural
scale.

The literature review [54]-[59], [61], [63] demonstrates, for example, that
when structural beams made with recycled concrete aggregate are designed to
present a ductile failure (reinforcement yields before concrete failure), bending
moments and deflections at serviceability are not significantly affected even with
higher content of recycled concrete aggregate, as concrete properties have low
influence on the flexural behavior of beams. In the same way, the yielding moment
and ultimate moment of beams made with concrete with recycled concrete
aggregate are similar to conventional beams. However, the authors also observed
that beams made with concrete with recycled concrete aggregate usually present a
more significant and earlier cracking than conventional beams, attributed to the
lower angularity of recycled aggregates, the pre-existing cracks at the old ITZ, and
the lower tensile strength of recycled aggregate concretes.

As the content of recycled concrete aggregate increases, beams present a
substantially lower ductility ratio [54], [5S5] because of the lower interfacial bond
and interlocking between the recycled aggregate and mortar [226], [227], which can
affect the mechanical bond strength between concrete and steel.

Bai and Sun [187] observed a similarity between recycled aggregate
concrete beams and conventional concrete beams regarding crack patterns. When
subject to four-point bending tests, both recycled and conventional concrete beams
show similar crack behavior: crack progression began with flexural cracks in the
maximum moment region, then additional flexural cracks emerged between the
load and support regions. Some inclined flexure-shear cracks appear as load
increases, although most flexural cracks are developed vertically. Similar behavior
was observed by other authors [54]-[56], [58], [59]. Figure 2-9 shows a
conventional concrete beam (CC) and a 100% recycled aggregate concrete beam

(RCA) after a four-point flexural test.
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Figure 2-9. Crack pattern of a conventional concrete beam (CC) and a 100% recycled aggregate
concrete beam (RCA) at flexural failure, adapted from Arezoumandi et al. [59].

Ignjatovic et al. [63] and Kang et al. [54] verified that the cracking pattern
of recycled aggregate concrete beams is similar to the reference beams, even for a
recycled aggregate replacement rate of over 50%. Meanwhile, Seara-Paz et al. [58],
Arezoumandi et al. [184], Pradhan et al. [55], and Fathifazl et at. [53] observed a
decrease in cracking spacing and an increase in crack width in beams with a higher
content of recycled aggregate. The difference in the cracking spacing and width
may be related to the reinforcement rate adopted by each author in their studies. In
this way, it can be considered that the existing flexural analysis method can quite
well predict the recycled aggregate concrete beams' flexural behavior, but some
attention must be paid to cracking spacing and width.

Table 2-5 summarizes beams’ properties, ultimate flexural strength, and
ultimate deflection of beams submitted to four-point bending tests by different

authors.
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Authors RA Content wle Reinforcement fc28 Size (mm) Puq (KN) / M Surt
(%) ratio (%) (MPa) LxBxH (kN.m) (mm)
0 38.6 35.3/15.9 70
15 32.7 32.8/14.8 31
045 05 3030 x 135
30 31.7 x 270 32.7/14.7 32
50 29.0 30.3/13.6 17
0 38.6 62.7/28.2 37
15 32.7 60.5/27.2 27
045 10 3030 x 135
30 31.7 x 270 58.4/26.3 18
Kang et al. 50 29.0 54.2/24.4 16
[54] 0 38.6 81.9/36.9 36
15 32.7 79.5/35.8 25
045 15 3030 x 135
30 31.7 x 270 78.5/35.3 19
50 29.0 72.9/32.8 15
0 38.6 117.4/52,8 26
15 32.7 114.7/51.6 20
045 18 3030 x 135
30 31.7 x 270 111.6/50.2 24
50 29.0 112.2/50.5 20
0 42.75 67.04 /- 20.56
045 042 2400 x 200
100 42.82 x 300 65.05/- 16.45
0 42.75 115.33/- 25.56
045 075 2400 x 200
Pradhan et 100 42.82 x 300 114.77 / - 25.74
al. [55] 0 4275 2400 x 200 173.00/ - 2591
0.45 1.31
100 42.82 x 300 165.04 / - 14.56
0 42.75 171.10/ - 18.85
045 161 2400 x 200
100 42.82 x 300 161.97/ - 12.48
Zhao and 0 B3 00 x 120 o167 )
a0 an X
Sun [56] 30 0.5 1.4 41.2 % 200 186.6/ - -
75 29.4 183.6/- -
0 0.56 0.68 41,9 -/343 -
50 0.49 0.68 423 -/34.0 -
Bai and Sun 70 0.46 0.68 43.7 2100 x 150 -/355 -
[57] 100 0.42 0.68 43.5 x 300 -/34.0 -
100 0.56 0.89 43.5 -/40.4 -
100 0.56 1.13 43.5 -/48.4 -
0 60.7 -/55.71 95.16
20 53.5 -/58.89 96.14
05 076 3600 x 200
50 51.8 x 300 -/56.32 98.29
Seara-Paz et 100 42.9 -/52.93 96.40
al. [58] 0 46.9 -/58.51 93.31
20 46.7 -/58.27 96.65
065 081 3600 x 200
50 422 x 300 -/60.21 81.36
100 32.4 -/60.83 96.41
0 0.37 047 37.2 3300 x 300 -/154.1 34.0
Arezoumandi 100 0.40 ) 30.5 x 460 -/149.6 34.3
etal. [59] 0 0.37 37.2 3300 x 300 -/170.7 29.5
0.64
100 0.40 30.5 x 460 -/172.6 35.6
0 0.52 43.7 28.4 /- 75.4
50 0.52 0.28 44.2 35?(03)(()300 27.0/ - 97.9
100 0.51 42.5 26.8 /- 92.6
Ton . 0 0.52 43.7 3500 x 200 108.6/ - 45.8
gnjatovic et X :
al. [63] 50 0.52 1.46 44.2 < 300 110.6/ 46.2
100 0.51 42.5 10547/ - 38.9
0 0.52 43.7 137.6/ - 28.5
50 0.52 2.54 44.2 35?(03)(()300 160.4 /- 34.5
100 0.51 42.5 142.6 / - 30.4
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Regarding the shear behavior of recycled aggerate concrete beams, the
authors observed that the crack pattern is similar to conventional concrete, although
shear strength is lower because of the lower tensile strength of the recycled concrete
and the lower strength of the recycled aggregates itself, thus reducing the
contribution of the interlock mechanism of the aggregates [65], [228]-[233].
Moreover, an analysis at the macroscopic scale showed that shear failures in
recycled concrete beams occurred through the recycled aggregates and not at the
interface between mortar and aggregates, as usually happens for conventional
concrete [234].

ToSic et al. [235] compiled 217 experimental results, creating a database on
flexural and shear strength of reinforced recycled aggregate concrete beams and
evaluating the applicability to Eurocode 2 provisions. As a result, they observed
that Eurocode 2 predictions of flexural strength are precise, but predictions of shear
strength for beams with stirrups are not. However, most studies considered the
minimum transverse reinforcement ratios in recycled aggregate concrete beams.
Thus, ToSic et al. [235] proposed more experiments on recycled aggregate concrete
beams with higher transverse reinforcement ratios. Similar results were obtained by
Pacheco et al. [236].

Despite some uncertainties, it is also possible to find references to recycled
aggregate concrete elements in real applications. In 2004, the “Shanghai Ecological
Building” was constructed using 388m> of concrete made with 100% recycled
concrete aggregate. This building was the first to incorporate a large amount of this
material, and the results for mechanical and durability properties of randomly
selected samples indicated that recycled aggregate concrete generally meets the
existing requirements for conventional concrete [29].

Based on the lack of good quality local natural aggregate and the increasing
demand for infrastructure projects for World Cup 2020, the Qatar government has
developed a laboratory program and a full-scale building trial to assess the
suitability of recycled aggregate concrete in structural applications [237]. The
excellent results enabled changes in the 2014 edition of Qatar Construction
Specification (QCS) to allow a maximum recycled aggregate replacement ratio of
20% 1in structural concretes up to C30 strength. Finally, in 2014, Zhang and Zhao
[31] used strain gages to monitor beams made of recycled aggregate concrete in a

recently built building in China. The beams had not cracked, and the strain
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development trend showed that they would probably be kept safe for the long term,
indicating the feasibility of using recycled aggregate concrete in actual engineering

projects.

2.8.Conclusions

Compared to natural aggregates, recycled aggregates are more porous and
have a more complex microstructure. This higher porosity acts as a presumable
canal for water transport and aggressive agents such as chloride ions, affecting the
material's durability. Because of the higher water absorption, recycled coarse
aggregates typically need more water than conventional concrete to obtain the same
workability; it also affects the homogeneity of the fresh concrete during casting,
reducing the mechanical strength of the concrete. Despite that, the literature has no
specific discussion regarding special curing procedures for recycled aggregate
concretes.

The analysis of the results obtained by several authors showed that the
concrete compressive strength decreases as the recycled aggregate ratio increases,
regardless of the concrete grade. However, for higher concrete grades, such as C45-
C50 and C55-C60, the ITZ is stronger, and the strength of the coarse aggregate
itself becomes the limiting strength factor. Thus, the greater the amount of recycled
aggregate, the greater the reduction in compressive strength.

The literature also shows that the modulus of elasticity reduces as the
content of recycled aggregates in concrete increases, and this is attributed to the
presence of two different interfacial transition zones (ITZ). As the second (old) ITZ
tends to be weaker than the paste-aggregate matrix of conventional concretes, the
concrete strength reduces, leading to higher deformability of recycled concretes
when compared to conventional concretes. The analysis of different literature
results also shows a large discrepancy between the results obtained experimentally
and those obtained through the theoretical curves, which use only compressive
strength as a parameter. For better estimation, more parameters should probably be
considered, such as recycled aggregate density, water absorption, or cement
composition.

Authors have tried different treatments on recycled aggregates to improve

the recycled aggregate concrete's mechanical behavior and long-term properties,
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allowing a higher replacement ratio. The most widespread methods in the literature
are the addition of pozzolanic micro-powders and polymer emulsions and pre-
soaking in acid, microbial carbonate bio-deposition, and carbonation. The results
obtained with these methods are relevant, and in many cases, the properties of the
recycled concrete were very close to those obtained for the conventional concrete.

There are still some barriers to using recycled aggregate in structural
concrete. For example, there is no consensus regarding the mix design method that
best suits the significant heterogeneity of recycled aggregates and their specificities.
In addition, although there are positive results in the literature regarding the existing
models for strength prediction, there are still some doubts about the recycled
aggregate concrete flexural and shear behavior and the integrity of the structural
elements throughout their useful life. Therefore, most standards and specifications
worldwide limit the recycled aggregate replacement ratio to approximately 30% in
structural elements. The content of ceramic fragments in the composition of
recycled aggregate is also limited.

Although there are still uncertainties, recycled aggregate from Construction
and Demolition Waste is one of the sustainable solutions for the growing waste
disposal crisis and depletion of natural aggregate sources caused by the construction
sector. However, recycled aggregates are mostly used in low-value applications
such as pavement bases, and non-structural concretes.

Thus, to promote energy savings and environmental preservation, it is
essential to advance studies about the feasibility of using higher percentages of
recycled aggregate on structural concretes. Also, it would be convenient to develop
technical specifications and guidelines for the production and quality control of
structural recycled aggregate concrete, improving contractors' and users' general

perception of this material.
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3. Investigation of Physical and Mechanical Properties of
Recycled and Natural Coarse Aggregates

3.1.Introduction

Using recycled coarse aggregate from construction and demolition waste
(CDW) has become a trend in many countries to solve the high depletion of natural
resources and huge waste generated by the construction industry. Crushed concrete
and crushed masonry (ceramic materials) are the main components of CDW, and
depending on the content of each of these fractions, the recycled aggregate receives
a different classification. Generally, the standards define the allowed content of
ceramic material in recycled aggregate and determine its possible applications.

As presented in Chapter 2, recycled aggregate mainly composed of concrete
debris has been widely studied over the last decades. The use of this material in
structural concrete, up to 30%, is now well-accepted in most countries. However,
when it comes to recycled aggregate with some levels of ceramic material, its use
is limited to sub-base material for paving and non-structural applications.

It is possible to separate the crushed concrete and the crushed masonry before
or after crushing during the CDW recycling process. Post-crushing separation
demands advanced sorting techniques and does not guarantee a complete
separation. On the other hand, pre-crushing separation is expensive and time-
consuming for the contractors because it requires more elaborate waste
management plans, as concrete and masonry must be accurately separated on the
construction site. Because of these, there are still obstacles to using recycled
aggregates on a larger scale, mostly in Brazil, where the recycling culture is still
poorly disseminated.

A better understanding of recycled aggregates with higher content of ceramic
material — and, consequently, their impact on structural concrete — would instigate
the use of this material and make the recycling process cheaper and more attractive
for large-scale use. Therefore, this chapter presents an experimental investigation
of the physical and mechanical properties of recycled coarse aggregates with

different ceramic debris contents compared with a natural coarse aggregate.
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3.2. Experimental Program

For this research, mixed recycled aggregates (MRA) were obtained from a
Brazilian recycling plant. After receiving the material, a certain amount of this
MRA sample was manually separated into two other samples of recycled coarse
aggregate: (1) recycled concrete aggregate (RCA), composed only of cement-based
fragments, and (i1) recycled masonry aggregate (RMA), composed only of ceramic
debris, bricks, and roof'tiles. Thus, in this study, four types of coarse aggregate were
used: mixed recycled aggregate (MRA), recycled concrete aggregate (RCA),
recycled masonry aggregate (RMA), and a natural granitic coarse aggregate (NAT),
as reference. Figure 3-1 illustrates the experimental program for investigating the

material's physical and mechanical properties.
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Figure 3-1. Experimental Program — Investigation of physical and mechanical properties of coarse
aggregate.
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3.2.1. Preparation of Recycled Aggregate Samples

The recycled aggregate was obtained from a recycling plant called Reciclax,
located in Ribeirdo Preto, Sao Paulo. The material was delivered in five metallic
containers, each with 200 kg, and kept inside the Structures and Materials
Laboratory at PUC-Rio, protected from moisture and organic contamination.

Since the recycled aggregate had a large amount of adhered fine material, a
standard washing and drying procedure has been adopted regularly. Samples were
washed with running water using a 2.36 mm mesh sieve (Figure 3-2). After

washing, the samples were air-dried for five days (Figure 3-3).

Figure 3-2. Recycled aggregate cleaning process with running water.
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o' .
o IR :
Figure 3-3. Recycled aggregate air-drying process.
The recycled aggregate composition was determined through visual analysis,
as defined in Annex A of the Brazilian standard ABNT NBR 15116:2021 [46].
Three samples of 10 kg of recycled aggregate were oven-dried for three days at
105°C. Then, the samples were cooled to room temperature for 4 h, and the total
mass (M;) was measured. Subsequently, for each one of the three samples,
fragments were manually separated according to the following criteria (Figure
3-4):
¢ Group 1: cementitious material composed of cement-based fragments;
e Group 2: ceramic materials, composed of ceramic debris, bricks, and roof tiles;
e Group 3: contaminants and impurities, such as wood, plastic, bitumen, foam,
glass, plaster, and metal.
Each group was weighed, and masses of Mg, Mg2, and M3, representing
groups 1, 2, and 3, were obtained. Finally, the percentages of each group were

obtained by dividing the values of Mg1, Mg2, and Mg3 by M, (Table 3-1).

Table 3-1. Composition of recycled aggregate.

Type of material Sample1 Sample2 Sample3 %
Cementitious material (kg) 8.442 8.759 8.717 86.4
Ceramic material (kg) 1.507 1.210 1.249 13.2

Contaminants and impurities (kg) 0.051 0.031 0.034 04
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Contaminants
and Impurities

Ceramic Material

Figure 3-4. Sample of recycled aggregate separated into three groups: contaminants and
impurities, ceramic material, and cementitious material.

Table 3-1 shows that recycled aggregate comprises 86.4% of cementitious
materials. Thus it can be confirmed that the material received from the recycling
plant is classified as Mixed Recycled Aggregates, according to the Brazilian
standard ABNT NBR 15116:2021 [46]. Contaminants and impurities represented
0.4%, therefore being within the limit (< 1%) also established by the Brazilian
standard ABNT NBR 15116:2021 [46] for recycled aggregates to be used in
concrete. Similar results were obtained by Salles [221].

After that, 300 kg of recycled aggregate was manually separated into the same
three groups described above to continue the experimental program. The
contaminants and impurities (Group 3) were discarded, while the samples of
cementitious material (Group 1) and ceramic material (Group 2) were stored
separately in plastic containers and called, respectively, Recycled Concrete
Aggregate (RCA) and Recycled Masonry Aggregate (RMA).

Thus, henceforward in this studys, it is considered that the Recycled Concrete
Aggregate (RCA) sample is composed entirely of cement-based fragments and
natural rocks; the Recycled Masonry Aggregate (RMA) sample is composed only
of masonry elements such as ceramic debris, bricks, and roof tiles; and Mixed
Recycled Aggregate (MRA) is the recycled aggregate as received from Reciclax

recycling plant.
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3.2.2. Pulverulent Content of Recycled Aggregates

The excess of pulverulent content impairs the adhesion between the mortar
and the aggregates and increases water consumption, causing shrinkage and a
decrease in the concrete strength. Thus, the lower the pulverulent content, the higher
the aggregate quality.

The pulverulent content of coarse aggregates was obtained according to the
Brazilian standard ABNT NBR NM 46:2003 [238], which establishes the method
for determining the material finer than a 75 um mesh sieve in the aggregate sample.
During this procedure, clay particles and other materials are dispersed. However,
the author would like to inform that this standard was replaced by ABNT NBR
16973:2021 [239], whose main differences from the old standard are: a change in
the minimum mass of the test sample from 100g to 300g for aggregates with a
maximum grain size equal to 2.36 mm; a change in the drying temperature of the
sample from 110°C to 105°C; and, a suppression of the washing procedure using a
wetting agent.

For this test, four samples of approximately 5 kg of each type of recycled
aggregate (MRA, RCA, RMA) were cleaned with running water (as described in
Section 3.2.1). Then, samples were oven-dried for approximately 24 hours at
105°C, and the masses (M;) were recorded. Then the samples were placed in a

container and covered with water (Figure 3-5).

Figure 3-5. Mixed recycled aggregate samples during pulverulent content test.
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The samples were shaken until the pulverulent material was in suspension,
and then they were drained through a 75 um mesh sieve. This process was repeated
until the wash water was clear. The material retained on the sieve was oven-dried,
and after 24 hours, the final mass was determined (My). The mixed recycled

aggregate pulverulent content (< 75 um) is calculated by equation Eq. 3-1 [239]:

m (%) = % x 100 Eq.3-1

Where:

m is the amount of material finer than the 75 pm mesh sieve (%);
M; is the initial mass (kg);

Mt is the final mass (kg).

3.2.3. Grain-size Distribution of Coarse Aggregates

The grain size distribution curves of coarse aggregates were obtained
according to the Brazilian standard ABNT NBR NM 248:2003 [240]. However, the
author would like to inform that this standard was replaced by NBR 17054:2022
[241], which deals with the grain-size distribution of aggregates with a maximum
size of up to 75 mm and presents an update of the normative references.

The grain size distribution aims to classify the aggregates by their respective
sizes and measure the fractions corresponding to each size. The grain size
composition is the characteristic of an aggregate of greater application in practice,
mainly because the grain size distribution curve allows planning a better packing of
aggregate grains, thereby reducing voids and improving the interface between
aggregate and cement paste.

Table 3-2 shows the standard set of sieves used for grain-size distribution of
coarse aggregates (NAT, MRA, RCA, RMA). After arranging the sieves in the
correct order (the biggest mesh opening on top), samples were placed at the top of
the sieve set, and sieving was carried out for 10 minutes. Then, the weight of the

samples retained in each sieve was calculated. Samples weighted approximately 10

kg.
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Table 3-2. The standard set of sieves used in the grain-size distribution analysis.

Coarse Aggregate

25 mm

19 mm
12.5 mm

9.5 mm

6.3 mm
4.75 mm
2.36 mm

1.18 mm

The grain-size distribution makes it possible to determine the maximum grain
size of the aggregates, which is the mesh opening of the smallest sieve through
which at least 95% of the material passes.

The grain-size distribution curves also provide the Uniformity Coefficient
(Cu), which expresses the variety in particle sizes, and the Coefficient of Curvature
(Cc), which measures the gradation of particles.

The Uniformity Coefficient (Cy) is the ratio of D60 to D10 (Eq. 3-2). When
Cu> 4, the aggregate is classified as well-graded, whereas when Cy < 4, the
aggregate is classified as poorly graded. When C, is approximately equal to one,
particles are all the same size. For well-graded aggregate, the Coefficient of

Curvature (C.), calculated by Eq. 3-3, must be more than one and less than three.

c, = 260 Eq. 3-2
Dio
2
c, = Bsol Eq.3-3

€ ™ DyoxDgo
Where:
C. is the uniformity coefficient;
C. is the coefficient of curvature;
D60 is the size of the particle corresponding to 60% finer;
D30 is the size of the particle corresponding to 30% finer;

D10 is the size of the particle corresponding to 10% finer.

3.2.4. Shape Index of Coarse Aggregates

The shape index of each coarse aggregate sample was analyzed according to

the Brazilian standard NBR 7809:2019 [242] and it is calculated as a relationship
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between the aggregate average length and the average thickness. This index allows
evaluating the quality of a coarse aggregate, considering that aggregates with
rounded grains (optimal shape for crushed aggregates) will have a shape index close
to 1. On the other hand, lamellar grains will present much higher values of shape
index, with a limit of shape index equal to 3 being acceptable.

This test used samples of 200 grains of each type of coarse aggregate (NAT,
MRA, RCA, RMA). The dimensions “C” (length) and “e” (thickness) of each grain
were obtained using a digital caliper (Figure 3-6). The grain length “C” is the
largest possible dimension to be measured and defines the length direction;
meanwhile, the grain thickness “e” is the greatest possible distance between two
planes parallel to the grain length direction. The shape index (I) is calculated by Eq.
3-4 [242]:

Eq. 3-4

® 10

Where:
I is the shape index;
C is the average length of 200 grains (mm);

e is the average thickness of 200 grains (mm).

Figure 3-6. Digital caliper used to measure the length and thickness of coarse aggregate grains.
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3.2.5. Particle Densities, Water Absorption, and Apparent
Porosity of Coarse Aggregates

The apparent particle density, the saturated surface-dry density, the oven-dry
density, the water absorption, and the apparent porosity of coarse aggregates (NAT,
MRA, RCA, RMA) were measured according to the Brazilian standard ABNT NBR
16917:2021 [243]. At first, the samples were immersed in water at room
temperature for 24 h (Figure 3-7). Then samples were rolled in a large absorbent
tissue until all visible water film was removed, and the saturated surface-dry mass

was obtained (mg) (Figure 3-8).

Figure 3-7. Samples immersed in water.

i . "\-,.' o - E
s Was.

Figure 3-8. Aggregates being rolled in a large absorbent tissue.
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After that, coarse aggregate samples were placed in a wire basket and
immersed in the water at a temperature of 20 + 5°C with a cover of at least 50 mm
above the top of the basket. After removing the entrapped air, the mass of saturated
aggregate submerged in water was determined using a hydrostatic scale (mc). It is
important to notice that the scale was previously zeroed with the wire basket empty

and immersed in water (Figure 3-9).

Figure 3-9. Saturated aggregate submerged in water and hyrostatic scale.

Finally, coarse aggregate samples were oven-dried at 105°C for 24 h. After
being cooled to room temperature for 3 h, the oven-dried mass was obtained (ma).
This procedure was repeated six times for 2 kg samples of each type of coarse
aggregate (NAT, MRA, RCA, RMA).

The oven-dry density, the saturated surface-dry density, the apparent particle
density, the water absorption, and the apparent porosity are calculated by Eq. 3-5,
Eq. 3-6, Eq. 3-7, Eq. 3-8, and Eq. 3-9, respectively:

ma

Py = X 1000 Eq. 3-5

mp—mc
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mp

Pssa = 7 2m X 1000 Eq. 3-6
_ ma
p = e x 1000 Eq.3-7
A="ET4 %100 Eq. 3-8
ma
p =" % 100 Eq.3-9
ma—mce

Where:

p is the apparent particle density (kg/m?);

Pssd is the saturated surface-dry density (kg/m?);
pd is the oven-dry density (kg/m?);

A is the water absorption (%);

P is the apparent porosity (%);

ma is the oven-dried mass (g);

mp is the saturated surface-dry mass (g);

mc is the mass of saturated aggregate submerged in water (g).

3.2.6. Bulk Density and Void Ratio of Coarse Aggregates

The bulk density of an aggregate is the ratio between its mass and volume
without compacting, i.e., also considering the voids between the grains. It is used
to convert mass into volume and vice versa. The bulk density and the void ratio of
coarse aggregates (NAT, MRA, RCA, RMA) were measured according to the
Brazilian standard ABNT NBR NM 16972:2021 [244].

Initially, the mass of the empty container was measured (mc), and then the
container was filled with water. The mass of the set (container + water), mcw, was
then obtained. The temperature of the water in the container was measured with a
thermometer, and the specific mass of the water was obtained from Table 2 of the
Brazilian standard ABNT NBR NM 16972:2021 [244]. The volume of the container
(V) was obtained by dividing the mass of water needed to fill the container (my =
Mew — M) by its specific mass (pw).

One-third of the container was filled, and then the layer of aggregate was

compacted by 25 strokes of the compacting rod, evenly distributed over the entire
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surface of the material. This procedure was repeated with another two layers of
aggregate until the container was fulfilled.

For these tests, the aggregate sample should comprise approximately 150%
of the material required to fill the container. Finally, the mass of the container filled
with aggregate (mr) was obtained. This procedure was repeated six times for each
type of aggregate.

The bulk density (p.p) and the void ratio (Ey) of coarse aggregates are

calculated by Eq. 3-10 and Eq. 3-11, respectively:

mr—mg

pap = T Eq. 3-10
100 x [(p X pw)—pap]
Ey = . Eq. 3-11

Where:

Pap is the bulk density (kg/m?);

mr is the mass of the container fulfilled with aggregate (kg);
mc is the mass of the empty container (kg);

V is the volume of the container (m?);

E, is the void ratio (%);

p is the apparent particle density, obtained in 3.2.5 (kg/m?);

pw is the specific mass of water (kg/m?).

3.2.7. Water Absorption Curve of Coarse Aggregates

Samples of approximately 1 kg were oven-dried at 105°C for 24 h (mg) to
determine the water absorption curve of coarse aggregates (NAT, MRA, RCA,
RMA). Then, samples were placed in a wire basket and immersed in the water at a
temperature of 20 + 5°C (mo). The mass at each instant (mn) was measured using a
hydrostatic scale as described below:

e up to the first 15 minutes, one reading every minute;
e from 15-30 minutes, one reading every 5 minutes;

¢ from 30-60 minutes, one reading every 10 minutes;
e from 1-2 h, one reading every 15 minutes;

¢ from 2-8 h, one reading every 1 h;

e one last reading after 24 h.
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The water absorption at each instant (An) is calculated by Eq. 3-12:

my—mo

Ay = ( ) x 100 Eq.3-12

mg— mg
Where:

An is the water absorption at each instant (%);

mygy is the mass of the oven-dried sample (g);

myo is the initial mass submerged in water, using a hydrostatic scale (g);

my is the mass at each moment, using a hydrostatic scale (g).

3.2.8. Crushing Value (ACV) of Coarse Aggregates

The British standard BS 812 Part 110:1990 [245] describes a method for
determining the aggregate crushing value (ACV), which estimates the aggregate’s
strength to crushing under a gradually applied compressive load.

First, coarse aggregate samples of NAT, MRA, RCA, and RMA were sifted
on sieves 9.5 mm and 12.5 mm to remove the oversize and undersized fractions.
The resulting 12.5 to 9.5 mm fraction was divided into three samples of each type
of coarse aggregate. Samples were oven-dried at 105°C for 4 h and then cooled to
room temperature. The initial mass (m1) was measured.

The samples were placed in a steel cylinder container in three layers of
approximately the same height, each layer subjected to 25 strokes. The steel
cylinder had a 153 mm internal diameter and 125 mm internal depth. The metal
plunger was placed carefully over the surface of the aggregate. The apparatus was
placed on a servo-hydraulic MTS actuator and loaded at a uniform rate so that the
required force of 400 kN was reached in 10 min + 30 s (Figure 3-10). After
crushing, the mass of the material passing the 2.36 mm sieve mesh was measured
(m2).

The aggregate crushing value (ACV) was calculated as a relationship between
the mass of the material passing the sieve 2.36 mm after crushing (m2) and the total
mass (m1) ( Eq. 3-13). Thus, as lower the crushing value, the higher the strength

to crushing under a gradually applied compressive load.

ACV =22 % 100 Eq. 3-13
my
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Where:
ACYV is the aggregate crushing value (%);
m; is the initial mass of the sample (g);

m; is the mass of the material passing the 2.36 mm sieve mesh (g).

(a) (b)

Figure 3-10. (a) Aggregate sample inside the metal container and (b) load application.

3.2.9. Experimental Packing Density

The experimental packing density developed by De Larrard [240] determines
each aggregate's compaction degree. In the case of identical cubic particles and
considering the packing of the grains one by one, the packing density would be the
maximum possible (¢ = 1).

The mechanical compression and vibration test are used to determine the
experimental packing density of coarse aggregates. For this test, a steel cylinder
with a 153 mm internal diameter and a 125 mm internal depth, a plunger, and a
baseplate were used (i.e., the same apparatus as in Section 3.2.8). The steel cylinder
container was filled with a known amount (m; Eq. 3-14) of oven-dried aggregates
and closed with the metal plunger. The apparatus was placed on a servo-hydraulic
MTS actuator, and a compression of 10 kPa was applied on the top.

Then, the steel container was submitted to a vibrating table for 2 minutes.

The final height of the aggregate sample (hc) is calculated by subtracting the internal
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depth of the container and the distance between the surface of the aggregate and the
top of the cylinder, measured with a ruler (Figure 3-11).

The experimental packing density (¢) was calculated by Eq. 3-14 [246]:

m
R — Eq. 3-14

Where:

¢ is the experimental packing density;

m is the mass of the aggregate sample (kg);

A, is the area of the steel cylinder container (m?);

h. is the final height of the aggregate sample inside the cylinder (m);
p is the apparent particle density obtained in Eq. 3-7 (kg/m?).

Figure 3-11. Measurement of the distance between the surface of the aggregate and the top of the
steel cylinder container.

In addition to the analysis of the total experimental packing density of the
coarse aggregates, to obtain a more accurate result, the experimental packing
density was also evaluated for different particle size classes: (i) class 1
corresponded to grains larger than 12.5 mm, (ii) class 2 corresponded to grains
between 6.3 and 12.5 mm, and (iii) class 3 corresponded to particles smaller than

6.3 mm.
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The coarse aggregate samples were sieved and separated into the size classes.
Then, the test procedure described above was repeated for each class, obtaining the

experimental packing density of each one.
3.3.Results and Discussions

All recycled aggregates (MRA, RCA, and RMA) presented a continuous
grain-size distribution curve, which was very similar to each other and the natural
aggregate (NAT) curve (Figure 3-12). Besides, the maximum size of the four types
of aggregates was 19 mm. It can also be observed that the grain-size distribution
curves of the recycled aggregates were located between zones 4.75/12.5 and 9.5/25,
as defined by ABNT NBR 7211:2009 [247]. Similar results were presented by
Tenorio [248].
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Figure 3-12. Grain-size distribution curves of recycled and natural coarse aggregates.
Moreover, the grain-size distribution curve of the MRA used in this study and
produced in Sdo Paulo (Brazil) was very similar to those curves obtained for
recycled aggregates from several other places in Brazil [39], [123], [249], and from
the United Kingdom [115] and India [250] (Figure 3-13).
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Figure 3-13. Grain-size distribution curves of recycled aggregates from different locations [39],
[115], [123], [249], [250].

Table 3-3 shows the Uniformity Coefficient (Cu) and the Coefficient of
Curvature (C.) of coarse aggregates (NAT, MRA, RCA, RMA). It can be observed
that coarse aggregates are classified as uniformly graded. It is also interesting to
note that MRA has the highest value of Cy, which means that, among the coarse

aggregates, it comprises the largest number of particles of different sizes.

Table 3-3. Uniformity Coefficient (Cu) and Coefficient of Curvature (Cc) of coarse aggregates
(NAT, MRA, RCA, RMA).

NAT MRA RCA RMA
Uniformity Coefficient (Cu) 1.8 2.3 1.9 1.9
Coefficient of Curvature (Cc) 0.9 0.9 0.9 0.9

MRA presented 0.59 + 0.31% of pulverulent material content (Table 3-4),
while RCA and RMA presented 0.35 + 0.17% and 0.74 + 0.19%, respectively
(Table 3-5 and Table 3-6). All these values are under the limit established for the
Brazilian standard ABNT NBR 15116:2021 [46], which limit the pulverulent
content to 12% for aggregates protected from surface abrasion.

As expected, the Recycled Masonry Aggregate (RMA) presented the highest

amount of pulverulent content since it is composed entirely of ceramic materials
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such as bricks and roof tiles. Likewise, the Mixed Recycled Aggregate (MRA)
showed an intermediate value of pulverulent content, with the highest standard
deviation, as it is more heterogeneous than the others and is composed of ceramic

and cementitious material.

Table 3-4. Pulverulent content of Mixed Recycled Aggregate (MRA).
Mixed Recycled Aggregate (MRA) Sample1 Sample2 Sample3 Sample 4

M; (kg) 10.00 10.00 10.00 10.00
M (kg) 9.953 9.926 9.977 9.907
Pulverulent Content (< 75 um) (%) 0.47 0.74 0.23 0.93

Table 3-5. Pulverulent content of Recycled Concrete Aggregate (RCA).

Recycled Concrete Aggregate (RCA) Samplel Sample2 Sample3 Sample 4

M; (kg) 5.015 5.006 5.026 5.082
M (kg) 4.998 4.995 5.013 5.052
Pulverulent Content (< 75 um) (%) 0.34 0.21 0.25 0.59

Table 3-6. Pulverulent content of Recycled Masonry Aggregate (RMA).

Recycled Masonry Aggregate (RMA) Samplel Sample2 Sample3 Sample 4

M; (kg) 5.038 5.092 5.078 5.034
M (kg) 5.001 5.044 5.037 5.010
Pulverulent Content (< 75 um) (%) 0.73 0.93 0.80 0.48

Regarding the shape index, the difference between the values obtained for
RCA and RMA is consistent with the visual observation of each sample (Figure
3-14). While RCA is composed of more rounded grains, such as mortar pieces,
RMA presents some flatter and elongated grains, such as tiles. It is also possible to

visually observe that RCA has a much rougher surface than RMA.

Table 3-7. Shape index of recycled and natural aggregates.

NAT MRA RCA RMA
Average Length — C (mm) 19.43 20.90 19.67 20.54
Average Thickness — e (mm) 10.39 10.02 9.99 8.74

Shape Index - 1 1.87 2.09 1.97 2.35
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(a) (b)
Figure 3-14. (a) RCA and (b) RMA sample.

Table 3.7 shows that the shape index of MRA is intermediate between RCA
and RMA, which is coherent once MRA is a mixture of the concrete and the
masonry fractions (RCA and RMA, respectively). However, natural aggregate
(NAT) is the most rounded one. Nevertheless, all values were within the limit
established by the Brazilian standard NBR 7211:2009 [247].

RCA comprises a natural coarse aggregate with an adhered mortar
characterized by micro-cracks generated during recycling and pores accessible to
water. Thus, compared to the natural aggregate (NAT), this adhered mortar was
responsible for an increase of 364% in the apparent porosity and 427% in the water
absorption (Table 3-8). Equally, RCA presented a reduction of 12% in oven-dry
density compared to the natural aggregate (NAT). The adhered mortar's influence
on RCA characteristics was analyzed by Pepe et al. [149]. The authors observed
that, after autogenous cleaning, water absorption of RCA was reduced by almost
50%, and the oven-dry density increased by almost 16%. Limbachiya, Leelawat,
and Dhir [251] also investigated RCA with different amounts of adhered mortar,
observing an increase in water absorption and a reduction in both oven-dry density
and saturated surface-dry (SSD) density for RCA when the amount of attached
cement paste increased.

Meanwhile, as ceramic materials are naturally more porous than natural
rocks, RMA presented an apparent porosity 616% higher, a water absorption 845%
higher, and an oven-dry density 24% lower than the natural aggregate (NAT).
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Similar results were obtained for Cavalline and Weggel [97], using brick masonry
as coarse recycled aggregate. In their study, water absorption increased from 0.34%
for NAT to 12.2% for RMA, while apparent particle density reduced from 2840
kg/m? for NA to 2190 kg/m? for RMA (Table 3-8). Finally, as RCA was responsible
for almost 90% of the composition of the MRA in this study (Table 3-1), the results
obtained for both samples were very similar. MRA also exhibited a higher apparent
porosity, higher water absorption, and lower density than the natural aggregate

(NAT) (Table 3-8).

Table 3-8. Physical properties of recycled and natural aggregates.

NAT MRA RCA RMA
Apparent Particle Density — p (kg/m3) 2653 +3 2626 + 12 26319 2497 + 8
SSD Density — pssp (kg/m?) 2601 6 2350+ 6 2396 + 10 2164 £9
Oven-dry Density — pa (kg/m?) 2570 £ 10 2181+ 14 2253 £ 13 1942 + 12
Bulk Density - pap (kg/m?) 1424 £ 4 1262 +3 1315+5 1120+ 7
Water Absorption — A (%) 1.21+£0.2 7.77+047 638+£0.17 1143+0.23
Apparent Porosity — P (%) 310050 1695+091 14.38+£0.31 22.20+£0.32

Figure 3-15 shows a relationship between the oven-dry density and the
apparent porosity, as well as between the water absorption and the apparent
porosity. The increase in apparent porosity means an increase in the number of

pores. Thus, while the oven-dry density decreases, the water absorption increases.
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Figure 3-15. Oven-dry density and water absorption versus apparent porosity.
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While the apparent porosity measures the total amount of void space
accessible from the surface of the aggregate, the void ratio is the number of voids
between the aggregates at a certain known volume. Table 3-9 shows the aggregates'
void ratio and experimental packing density.

It can be observed that the lower the void ratio, the greater the experimental
packing density. However, regardless of the aggregate, the void ratio and
experimental packing density results were very similar. This can be explained by
the fact that all aggregates had the same maximum size (d = 19 mm) and similar

values for shape indexes.

Table 3-9. Physical properties of recycled and natural aggregates.

NAT MRA RCA RMA

Void Ratio — Ev (%) 46.2+0.2 51.8 0.1 504+0.2 55.0+£03

Experimental Packing Density — ¢  0.66 £ 0.01 0.54+£0.0 0.57 £0.01 0.50 £ 0.01

As mentioned, the experimental packing density was also evaluated for
different particle size classes of coarse aggregates (class 1 - grains larger than 12.5
mm; class 2 - grains between 6.3 and 12.5 mm; and class 3 - grains smaller than 6.3
mm). Table 3-10 presents the experimental packing density of each particle size

class.

Table 3-10. Experimental packing density for different particle size classes of each coarse
aggregate (NAT, MRA, RCA, and RMA).

Experimental Packing Density

Particle Size Classes

NAT MRA RCA RMA
Class 1 D >12.5 0.573 0.497 0.520 0.439
Class 2 6.3<d<125 0.560 0.491 0.483 0.436
Class 3 D<6.3 0.595 0.431 0.510 0.423

Figure 3-16 and Figure 3-17 show the 24 h and 15-minute water absorption
curves for each coarse aggregate (NAT, MRA, RCA, and RMA). In the first few
minutes, while the natural aggregate (NAT) presented a linear behavior, the
recycled aggregates showed a higher absorption rate and reached a saturation

plateau.
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Figure 3-16. 24 h water absorption curve of the recycled and the natural aggregates.
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Figure 3-17. 15 min water absorption curve of the recycled and the natural aggregates.

80



PUC-Rio - Certificagdo Digital N° 1812817/CA

81

In the first 10 minutes, the natural aggregate (NAT) reached 66% of its total
water absorption, while RCA, MRA, and RMA reached 81%, 82%, and 90%,
respectively. This behavior is related to the material's porosity: when the
availability of pores is higher, the water absorption rate in the initial period is also
higher. The maximum water absorption achieved for each aggregate was similar to
the values in Table 3-8. Similar results were obtained by Salles [39]: more than
90% of the final water absorption occurred in the first five minutes of testing for
the three types of recycled aggregate analyzed (MRA, RCA, and RMA).

Regarding the Aggregate Crushing Value (ACV) (Table 3-11), RMA
presented a lower strength to gradually applied compressive load because of its
porous and weak composition. Meanwhile, MRA and RCA presented a similar
strength to gradually applied compressive load, which was approximately 15%
higher than RMA and 8% lower than the natural aggregate (NAT). This reduction
in the strength of MRA and RCA compared to NAT can be explained by the
presence of the adhered mortar in the CDW concrete-based fragments: when the

adhered mortar increased, the aggregate’s strength decreased.

Table 3-11. Aggregate Crushing Value (ACV) of recycled and natural aggregates.
NAT MRA RCA RMA

ACY (%) 30.5+0.2 334+04 325+0.5 38.9+0.5

Duan and Poon [66] obtained similar results when analyzing the composition
of three RCA samples, with different ratios of rock/concrete, by mass: 96%, 98%,
and 99%. They observed that the RCA samples presented similar strength, with a

variable reduction from 6% to 9% compared to a natural aggregate sample.

3.4.Conclusions

This chapter carried out an experimental investigation on the physical and
mechanical properties of recycled coarse aggregates with different contents of
ceramic debris. The four coarse aggregates (MRA, RCA, RMA, and NAT)
presented continuous grain-size distribution curves, very similar and located within
the usable zone as prescribed by Brazilian standard ABNT NBR 7211:2009 [247].
Also, regardless of the content of ceramic fragments, all three samples of recycled
aggregates presented pulverulent content under the limit value established by the

Brazilian standard ABNT NBR 15116:2021 [46].
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Regarding the shape of the grains, although the values do not vary much,
recycled concrete aggregate (RCA) is composed of more rounded grains and has a
rougher surface, while recycled masonry aggregate (RMA) presents flatter and
elongated grains. Mixed recycled aggregate (MRA) presented an intermediate
shape index closer to the value obtained for the recycled concrete aggregate (RCA).
As mentioned in the literature review, the more rounded the grains, the less the need
for mixing water, meanwhile, aggregates with an angular shape offer higher
adhesion to the mortar, leading to concretes with higher strength.

The increase in apparent porosity means an increase in the number of pores.
Because of its higher porosity, the recycled aggregates (MRA, RCA, RMA) were
less dense, less resistant, and absorbed more water than the natural aggregate
(NAT). All recycled aggregates absorbed almost 90% of the total water after
approximately 12 minutes. This must be considered when mixing the concrete since
water absorption can reduce the water available for the cement hydration reaction.
Besides that, the results obtained for the mixed recycled aggregate (MRA) were
very similar to the results obtained for the recycled concrete aggregate (RCA).

Regarding water absorption, it was possible to verify that recycled aggregates
(MRA, RCA, RMA) presented higher water absorption rates in the first minutes
than the natural aggregate (NAT). Their higher porosity justifies this situation and
must be considered when mixing the concrete. Lastly, as all four types of coarse
aggregates presented comparable values for shape index and the same maximum
size, they all showed very similar values of void ratio and, consequently, similar
packing density.

From the discussions presented in this chapter, it can be concluded that when
the recycled aggregate has a ceramic fraction lower than 15%, its physical and
mechanical properties are not very different from those obtained for the recycled
concrete aggregate, composed only of cement-based fragments. Thus, concrete
made with recycled aggregate with a ceramic fraction lower than 15% is expected
to present a similar behavior to concrete made with recycled concrete aggregate.

In addition, the non-necessity of separating the ceramic fraction decreases
recycling costs, makes the recycling process more feasible, and increases market
demand for this material. In this way, it would be interesting if the standards that
restrict the use of recycled aggregate with ceramic fractions were reviewed to

expand the possibilities of using this material.
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4. Mix Design for Mixed Recycled Aggregate Concrete
through the Compressible Packing Model (CPM)

4.1.Introduction

Since concrete is a heterogeneous material with complex behavior in fresh
and hardened states, its mix design is challenging. It consists of determining the
ideal proportion of the constituent materials to produce a technically adequate and
economically viable mixture.

Brazil has no consensus on how the concrete mix design should be
implemented. Because there are no specific regulatory guidelines on procedures
and parameters, several researchers present their design methods developed by
national research institutes or by adapting foreign standards [252], [253].

For example, the ABCP (Brazilian Association of Portland Cement) method
was adapted from the ACI (American Concrete Institute) method. It is based on
tables and graphics prepared from average values of experimental results, adequate
for conventional concrete mix design.

As a second example, the IPT/EPUSP mix design method was developed by
researchers from the Technological Research Institute of Sdo Paulo (IPT) and the
Polytechnic School of the University of Sdo Paulo (EPUSP) and enshrined in the
technical literature since the 1970s [254]. This method creates a design diagram,
which is only valid for the same type and class of cement, mineral additives, and
aggregates. Any modification of the initially selected parameters implies a new mix
design. From this diagram — which schematically correlates the compressive
strength, water/cement ratio, total dry aggregates/cement ratio, and cement
consumption — it is possible to obtain concretes with distinct and well-defined
properties in their hardened state. However, this method presents some limitations
of application [252], such as:

* Compressive strength: 5 MPa < fc < 150 MPa;

* Water/cement ratio (w/c): 0.15 <w/c < 1.50;

¢ Slump: 0 mm < slump < self-compacting;

* Maximum size of coarse aggregate: 4.8 mm < Dmax < 100 mm;
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* Dry mortar content: 30% < o < 90%;

* Water/dry materials ratio (H): 5% < H < 12%j;

» Concrete density: greater than 1500 kg/m3.

In this method, at first, an experimental adjustment of the proportions of the
constituent materials of the concrete is made, aiming to determine the ideal mortar
content. The study begins with the preliminary evaluation with a mix design of 1:5
(cement: total dry aggregates, by mass). Based on the information obtained from
this mixture, two more are made, with mix designs defined as 1:3.5 and 1:6.5 [255].
The definition of an ideal mortar content is due to the problems caused by its lack
or excess: the lack of mortar in the mixture results in porosity in the concrete or
concreting failures, while its excess provides concrete with a better appearance, but
with a higher cost per cubic meter and risk of cracking due to thermal and drying
shrinkage. For the three concrete mixtures, manufactured specimens are subjected
to wet curing and then tested at the established ages to determine their mechanical
properties in the hardened state. The minimum amount of three concrete mixtures
allows adjustment of the mix design correlation equations, enabling the
construction of the mix design diagram, in which, by linear regression, any
compressive strength can be achieved within the range studied for concrete mixes
of the same family.

The current North American design procedures for proportioning
conventional concrete - the ACI 211-1 Standard Practice for Selecting Proportions
for Normal, Heavyweight, and Mass Concrete - offers a comprehensive approach
for proportioning concrete of a maximum compressive strength of 40 MPa and a
maximum slump of 180 mm. This method depends on the w/c ratio to achieve the
required strength and the water content to obtain the desired slump. No special
consideration is made to the quality of cement and aggregates or chemical
admixtures (common in high-performance concrete) [256]. In summary, although
the ACI mix design method applies to aggregate with a wide range of mineralogical
and granulometric properties, it does not include any supplementary cementitious
materials or additions, except for an air-entraining admixture. This method assumes
that the maximum size of the coarse aggregate, the amount of mixing water, and
the presence or absence of entrained air are the only parameters affecting slump,
while the concrete compressive strength is affected only by the w/c ratio and the

amount of entrained air.
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In this method, after defining the water/cement ratio and the amount of
mixing water, the mass proportions of the different constituent materials are
transformed into volumetric fractions based on the relationship between the mass
and volume of these materials (i.e., their specific gravity). To apply the ACI mix
design method, it is necessary to know the fineness modulus of the fine aggregate,
the dry-rodded unit weight of the coarse aggregate, the specific gravity of the
aggregates, and the free moisture and absorption capacity of the aggregate, which
are determined in the laboratory. This procedure assumes that the aggregate is well-
graded and that the specific gravity of the cement is 3150 kg/m’.

Although traditional mix design methods differ, they were all designed for
the conventional strength concrete class. However, with the development of civil
construction and structural engineering, sometimes special concretes are needed to
meet the demands of works in which conventional concrete cannot be applied. This
is also due to the evolution of the materials technology, mainly Portland cement,
mineral additions, and chemical additives, which make it possible for concrete to
achieve better physical and mechanical performances, in addition to other
requirements such as the reduction of the cross-section of the structural elements,
materials savings, and greater durability that extends the useful life of structures
and, consequently, reduces maintenance costs.

Concrete is no longer a simple mixture of water, aggregates, and cement. It is
becoming a complex mixture, made up of several granular materials that interact
with each other. Thus, concrete’s properties are becoming more difficult to predict
theoretically, even though the use of computers facilitates complex calculations.

In this context, particle packing is widely applied in engineering areas that
require a higher degree of technological development to produce high-quality
materials. In civil construction, packing is necessary to obtain special concretes
since the particle size distribution affects the packing density of the aggregate: the
smaller the volume of voids to be filled with the cement paste, the higher the density
of concrete [257], [258]. Therefore, modifying the concrete mix design formulation
using the particle packing technique is an efficient way to produce concretes with
higher durability and better mechanical performance, with reduced cement
consumption [259].

The study of particle packing can be defined as the selection of the correct

proportion between the materials, in addition to the definition of the adequate size
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of the aggregates, so that the larger voids are filled by smaller particles, whose voids
will be filled again with even smaller particles, and so on [260]. This concept aims
to determine a particle size distribution that results in the highest packing density.
The Particle Packing Method (PPM) is an optimization process to achieve an
appropriate proportion of the aggregate mixture to attain minimum voids content.

In 1892, Féret published the first study on packing particles in concrete. Since
then, packing models have been proposed to calculate the packing density of
particles and thus optimize granular concrete mixes [261], [262]. Spherical particle
packing models are presented through mathematical equations that prescribe how
particles of different sizes interact geometrically. These models calculate the
theoretical packing density of a given mixture based on the grain-size distribution.

The theoretical packing models can be categorized as continuous or discrete
models. The continuous model assumes that all possible sizes of aggregates are
present in the particle distribution system. On the other hand, discrete models
assume that each particle size class contributes to the mixture of particles of various
size classes to achieve the maximum possible density. These discrete models can
be classified as binary, ternary, and multi-modal packing models.

The binary packing models consider blending two different-sized particles,
where the smaller-sized particles fill up the voids between the larger-sized particles
without disturbing the packing of the larger ones. Thus, the mixture voids can be
minimized. However, these models are unsuitable for concrete mix, as the
interaction effects are not accounted for since the theory is based on spherical-
shaped particles. The concept of the binary packing model was extended to form a
ternary mixture by adding the fine aggregate and simulating it as a binary packing
model with the binary mixture of coarse and medium-sized aggregates [217].

In a multimodal packing model, Anderson and Dewar [263] proposed a
method to calculate the void ratio for a particular combination of the aggregate
mixture by considering the mean log size of each material (coarse aggregate, fine
aggregate, and cementitious material) present in the mixture. Stovall et al. [264]
proposed a multi-component mixture model (Linear Packing Model - LPM), where
the packing density of a multi-grain mixture is represented as a function of the solid
fractional volume of each size of grain present in the mixture. Then, by modifying

the Linear Packing Model (LPM), De Larrard and collaborators of the Laboratoire
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Central des Ponts et Chaussées (LCPC, Paris) [246] proposed the Compressible
Packing Model (CPM).

The Compressible Packing Model (CPM) determines the packing of dry
mixes for all materials used in concrete batching. Its main advantage is the
possibility to define the desired properties at the fresh and hardened state of the
resulting concrete through the intrinsic characteristics of each compound. The CPM

considers that all the grains interact, influencing the resulting mixture.

4.2. Compressible Packing Model (CPM)

The Compressible Packing Model (CPM) is divided into two steps: 1)
calculate the virtual packing, the largest possible packing for a given mixture; 2)
experimentally obtain the actual packing based on the compactness of the grains.
Then, correlations are established between the virtual and the real packing density
through the compaction index (K).

The virtual packing density (y) is the maximum compactness that a
monodisperse granular mixture (particles of approximately the same size) can reach
by stacking the grains one by one, without changing their original shape, in an
infinite volume.

Another important definition is the dominant aggregate class. In binary
mixtures (composed of two classes of grains of different sizes), when the larger
grains dominate, the smaller particles fill part of the voids left by the larger particles
without interfering with their accommodation (Figure 4-1a). Maximum packing
occurs when the smaller grains fill the voids left between the larger grains.
However, when the smaller grains are the dominant class, they are packed in the

porosity of the larger particles, as shown in Figure 4-1b.
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Figure 4-1. Binary mixture without interaction: (a) coarse grains dominant; (b) fine grains
dominant [246].

A binary mixture is said to be without interaction when the grain size of one
class is much larger than the grain size of the other class (d1 > d2). When the sizes
of the classes are relatively close, mixing is said to be interactional, and two effects
can arise: the loosening effect and the wall effect. These two effects tend to decrease
the mixture packing.

The loosening effect, which arises when the class of larger grains is dominant,
occurs when the size of the voids left by the larger particles is smaller than the size
of the smaller particles. Thus, the smaller grains move the larger grains away

(Figure 4-2).

d2

L@ -

loosening
effect

(b)
Figure 4-2. Binary mixture with interaction: (a) undisturbed mixture; (b) loosening effect caused
by smaller grains (d2) on larger grains (d;) [246].

The wall effect occurs in mixtures where the smaller grain class is dominant.
In this case, a certain number of voids will appear on the contact surface between
the two classes, caused by the significant difference in size between the particles so

that the contact surface of the larger grain is practically flat (Figure 4.3).
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wall effect

wall effect smaller prain

Figure 4-3. Binary mixture with interaction: wall effect exerted by the larger diameter grain on the
smaller diameter grain [246].

It is important to observe that the virtual packing density (y) occurs
theoretically as if the grains were organized, one by one, to obtain the best possible
arrangement. Thus, experimentally, the mixture packing obtained cannot be
considered equal to the virtual packing density (y) calculated by mathematical
packing models.

The real packing density (¢) of a granular mixture depends, in addition to the
particle size distribution, on the type of experimental packing protocol used. Thus,
it is possible to correlate the virtual compactness to the real compactness through a
parameter known as the compaction index (K). This index considers the energy
associated with the experimental packing process, so the higher the index, the closer
the real and the virtual packing. Table 4-1 presents the compaction index (K) values

for different packing processes obtained by de Larrard [246].

Table 4-1. Summary of compaction index (K) values for different packing processes.

Dry Packing Processes Compaction Index (K)
Pouring 4.1
Sticking with a rod 4.5
Vibration 4.75
Vibration + Compaction 10 kPa 9

[I3%2]

The virtual packing density (y) of a given grain-size class “i” can be obtained
experimentally through a test to determine the real packing density (¢) of the gran-

size class with a certain packing process, with a known K index, through Eq. 4-1:

1+K

y®===¢ Eq. 4-1

Where:

K is the compaction index;

(1342

v is the virtual packing density of a given grain-size class “i”’;
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(15524

¢; is the real packing density of a given grain-size class “1”.
Thus, the real packing density (¢) of a polydisperse granular mixture is

obtained by Eq. 4-2:

J’i/ﬁ
K=yr — 'Bi
2 11/¢_ 1/y(i)

Eq. 4-2
Where:

K is the compaction index;

¢ is the real packing density of the aggregate mixture;

n is the number of different aggregate sizes in the aggregate mixture;

Bi is the residual packing density of aggregate size “L,” determined using dry-
rodded unit weight testing, i.e., B; = ppu/P (P = apparent particle density);

(1344
1

yi 1s the individual volume fraction of the aggregate size “i” in the mixture;

yi is the virtual packing density of the aggregate mixture considering

(13524

aggregate size “i” as the dominant aggregate size.

In the Compressible Packing Model (CPM), the packing density of a granular
mixture is governed by the aggregate particles’ shape, surface texture, and size.
Thus, to use this model, the packing density of each class size of aggregate used in

the mixture should be experimentally measured.

4.2.1. Correlation between CPM and Concrete Strength

The matrix and inert aggregates’ strength greatly influence concrete’s
compressive strength. The correlation between the 28-day compressive strength of
sealed-cured cement paste and the Compressible Packing Model (CPM) is
presented in Eq.4-3 [246]:

2.85
fop = 134Rczq (—2—) Eq. 4-3

Vet+Vy +0g

Where:

fep 1s the strength of sealed-cured cement paste at 28 days (MPa);
Reog 1s the strength of cement at 28 days (MPa);

vc is the volume of cement (m?);

vw is the volume of water (m?);
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Va is the volume of air (in m?).

Considering that the volume and the aggregates' maximum dimension also
influence the concrete's compressive strength, defining a parameter that measures
these two effects is necessary. This parameter is called Maximum Paste Thickness
(MPT) (Figure 4-4) and corresponds to the average distance between the
aggregates immersed in the matrix (Eq. 4-4) [246]:

MPT =D (j% = 1) Eq.4-4

MPT is the maximum paste thickness (mm);

Where:

D is the maximum dimension of the aggregate (mm);
g 1s the volume of aggregates in a unit volume of concrete;
g* is the packing density of the aggregates through the packing protocol

corresponding to K=9.

- agpregates

cementious —
maternals

I I MPT

Figure 4-4. Maximum paste thickness in a dry granular mix [265].

According to De Larrard [246], it is possible to deduce the compressive
strength of Portland cement concrete at 28 days, considering the cement paste
strength, the cement concentration in the fresh paste, the Maximum Paste Thickness
(MPT) effects, the bond between paste and aggregate, and the intrinsic strength of
the aggregate (Eq. 4-5 and Eq. 4-6):
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Ve 2.85 _
fom = 13.4R g (m) x MPT 013 Eq. 4-5
pf
o =2m Eq. 4-6

Where:

fem 1s the matrix strength at 28 days (MPa);

fc is the concrete strength at 28 days (MPa);

p is the parameter related to the bond between paste and aggregate;

q is the parameter related to the intrinsic strength of the aggregate (MPa™).

The “p” and “q” parameters represent the influence of aggregates on the
compressive strength of concrete through its adherence to the cement paste

(expressed by “p”) and its intrinsic strength (expressed by “q”). Eq. 4-7 and Eq. 4-

(Y32l 66 9

8 present the mathematical formulation for defining “p” and “q” parameters,

69

respectively. Based on the equations, the smaller the “q”, the greater the intrinsic

strength of the aggregate, and the greater the “p”, the greater the bond between

cement paste and aggregate.

1

P = — 7 Eq. 4-7
fcm(ﬁ_z-l‘l'fcg)
_ 14
q= 214fg Eq. 4-8

Where:

f g is the intrinsic strength of the aggregate (MPa);

fem is the matrix strength at 28 days (MPa);

fc is the concrete strength at 28 days (MPa);

p is the parameter related to the bond between paste and aggregate;

q is the parameter related to the intrinsic strength of the aggregate (MPa™).

4.3.Experimental Program

Mix design based on the Compressible Packing Model (CPM) can be
performed with the software Bétonlab Pro 3, which allows the simulation of
different materials mixtures to select the one that best meets the concrete’s desired

properties. This software relies on a raw materials database to estimate concrete
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properties in fresh and hardened states. Therefore, this chapter presents the results
of the concrete mix design, based on the Compressible Packing Model (CPM),
through the software BétonLab Pro 3, developed by the Institut francais des
sciences et technologies des transports, de l'aménagement et des réseaux
(IFSTTAR). Based on predetermined concrete mixtures, the compressive strength
of concrete was estimated using the software BétonLab Pro 3. The theoretical
results were then compared with the compressive strength values obtained
experimentally, to verify the accuracy of the concrete mix design based on the
Compressible Packing Model (CPM). In addition, the experimental values of tensile
strength and modulus of elasticity were analyzed, comparing them with the

theoretical values provided by the Brazilian standard ABNT NBR 6118:2014 [71].

4.3.1. Materials and Methods

In this section, two concrete strength classes were analyzed concerning
compressive strength at 28 days using the software BétonLab Pro 3: concrete class
of 30 MPa and 50 MPa. Henceforward, these two concrete strength classes will be
called “C30” and “C50”.

Concrete class C30 was designed with 20%, 50%, and 100% mixed recycled
coarse aggregate. The 20% content was chosen because this is generally the
maximum amount of recycled coarse aggregate allowed by international standards
for use in structural concrete, as observed in Section 2.7. The 100% content was
adopted seeking a sustainable concrete regarding the use of coarse aggregate, i.e.,
without any natural aggregate. Finally, an intermediate content was also adopted,
equivalent to 50%. For comparison, in the case of concrete with the highest strength
class (C50), only the concrete made with 100% recycled aggregate was analyzed.
For both concrete strength classes (C30 and C50), a reference concrete was
fabricated with only natural coarse aggregate, i.e., 0% mixed recycled coarse
aggregate.

Throughout this work, the mixed recycled coarse aggregate contents of 0%,
20%, 50%, and 100% will be referred to as “00”, “20”, “50” and “100”,
respectively. For example, concrete C30-50 consists of a 30 MPa concrete strength
class with 50% mixed recycled coarse aggregate. Table 4-2 presents a summary of

the nomenclatures used and the respective characteristics of each concrete.
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Table 4-2. Summary of nomenclatures used for each concrete.

Concrete

Nomenclature Strength Class % MRA
C30-00 C30 0%
C30-20 C30 20%
C30-50 C30 50%

C30-100 C30 100%
C50-00 C50 0%
C50-100 C50 100%

MRA = mixed recycled coarse aggregate
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Figure 4-5 illustrates the experimental program, referring to the concrete mix

design.
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Figure 4-5. Experimental Program — Concrete mix design.
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4.3.1.1. Portland Cement (CP-II-F32)

The cement used in this study was a Portland cement CP-II-F32, whose
parameters met the conditions specified in Brazilian standard ABNT 16697:2018
[266]. It has a specific gravity of 2974 + 9 kg/m?, obtained through the Le Chatelier
flask test, according to the Brazilian standard ABNT NBR 16605:2017 [267]
(Figure 4-6).

(a) (b) (©)

Figure 4-6. Obtaining the specific gravity of Portland cement from the Le Chatelier flask test.

To apply the Compressible Packing Model (CPM), it is also essential to
determine the experimental packing density of cement through a water demand test
[246]. A planetary mixer with a capacity of 2 liters was required. Initially, a small
amount of water was added to 350 g of cement, with the mixer on low speed for 1
minute. Subsequently, successive additions of water were made and maintained for
1 minute at high speed until the capillary state was observed, characterized by a
homogeneous paste and no moisture on the wall of the mixer (Figure 4-7). From
this point on, adding water to the mixing will cause the particles to move away,
reducing compactness and increasing fluidity. The average test time was 10
minutes. Thus, it is possible to calculate the experimental packing density of
Portland cement through Eq. 4-9 [268]. The Portland cement CP-II-F32 used in
this study has an experimental packing density (water demand) of 0.5406.
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C = ;m_a) Eq. 4-9

1+(é‘><350

Where:
C is the experimental packing density of Portland cement;
& is the specific gravity of Portland cement, obtained in 3.3.8 (g/cm?);

m, is the total mass of water added until the capillary state is observed (ml).

Figure 4-7. Capillary state, characterized by a homogeneous paste and no moisture on the mixer's
wall.

4.3.1.2. Natural Fine Aggregate

In this study, the fine aggregate was a natural river quartz sand, with an oven-
dry density of 2656 + 67 kg/m® and water absorption of 4.38 +0.77%, according to
the Brazilian standard NBR 16916:2021 [269].

The natural fine aggregate presented a well-graded continuous grain-size
distribution curve located within the usable zone and close to the optimal zone [240]
(Figure 4-8). It has a maximum size of 4.75 mm and a fineness modulus equal to
2.77. According to the Brazilian standard ABNT NBR 7211:2009 [247], the
optimal zone for fineness modulus varies from 2.20 to 2.90.

As well as for the coarse aggregates in Section 3.2.9, for the application of
the Compressible Packing Model (CPM), the experimental packing density [246]

of fine aggregate was also evaluated for different particle size classes: 1) class 1 -
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grains larger than 1.18 mm; ii) class 2 - grains smaller than 1.18 mm. Table 4-3

shows the experimental packing density of each particle size class.

Table 4-3. Experimental packing density for different particle size classes of natural quartz sand.

Particle size classes Experimental packing density
Class 1 ®>1.18 mm 0.618
Class 2 ® < 1.18 mm 0.586
100
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Figure 4-8. Fine aggregate (natural quartz sand) grain-size distribution curve.

The two specific fractions of the natural fine aggregate characterized above
were used in the mix design presented in this study to obtain the high-strength
concrete (C50). These fractions were named S1 and S2. Table 4-4 shows the
particle size of S1 and S2 and their oven-dry density, water absorption, and

experimental packing density.

Table 4-4. Properties of fine aggregate fractions (S1 and S2) used for mix design of high-strength

concrete (C50).
Particle size Oven-dry density Water Experimental
(kg/m®) absorption (%) packing density
S1 150 pm < @ < 0.85 mm 2565.0 4.49 0.552

S2 0.85 mm < ® < 4.75 mm 2604.0 4.27 0.553
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4.3.1.3. Natural and Mixed Recycled Coarse Aggregate

The coarse aggregates used in the concrete mix design in this chapter were
the natural granitic coarse aggregate (NAT) and the mixed recycled coarse
aggregate (MRA), whose physical and mechanical properties were presented in

Chapter 3.

4.31.4. Mineral Additives

The mineral additives used in the concrete mix design were Fly Ash
POZOFLY®, Silica Fume, and a quartz powder filler from the ceramic industry,
named in this study as Silica 325 (Table 4-5, Table 4-6, and Table 7). These
mineral additives had their granulometric compositions determined by
granulometry laser with CILAS 1190 equipment at the Geotechnics and
Environment Laboratory at PUC-Rio. Figure 4-9 illustrates the grain-size
distribution curves of mineral additives, as well as the Portland cement CP-1I-F32

(described in Section 4.3.1.1).

Table 4-5. Properties of the Fly Ash POZOFLY®.

SiO: + Al203 + Fe203 >70.0 %
SOs <5.00 %
Moisture content <0.05 %
Ignition loss <2.00 %
Alkaline equivalent — Na2O <1.50 %
Pozzolanic activity with cement at 28 days >75.0 %
Pozzolanic activity with lime at 7 days > 6.00 MPa
Water requirement <110.0 %
Density 2.210 g/cm®

Table 4-6. Properties of the Silica Fume.

SiO2 94.69 %

Ignition loss 1.45 %
Moisture content 0.38 %
Alkaline equivalent — Na203 1.18 %

Density 0.600 g/cm?
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Table 4-7. Properties of the Silica 325.

SiO: 99.50 %
AL203 0.14 %
Fe203 0.03 %
Na20 0.03 %
K20 0.02 %
Others 0.15 %
pH 8.40
Moisture content 0.20 %
Density 0.730 g/cm?
100
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Figure 4-9. Grain-size distribution curves of mineral additives and Portland cement CP-11-F32.

4.3.1.5. Superplasticizer

Superplasticizer additive Glenium 51, produced by the company BASF, was
used in the concrete mix design. It is based on a modified polycarboxylic ether chain
that acts as a dispersant of the cementitious material, providing high water reduction
and improving workability without changing the setting time. Table 8 presents the

superplasticizer additive’s main properties, as provided by the manufacturer.
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Table 4-8. Properties of the superplasticizer additive (www.basf.com.br).

Type Polycarboxylic ether
Aspect Opaque white liquid
pH 5-17
Density (g/cm?) 1.067 - 1.107
Solid content (%) 28.5-31.5

corresponds to the dosage of 1.0% of superplasticizer to the cement mass.

20
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Figure 4-10. Variation of the flow time for various superplasticizer dosages.
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A flow test was conducted using the Marsh funnel to evaluate the
compatibility and determine the saturation point between the superplasticizer and
Portland cement CP-1I-F32. Samples were prepared with fixed amounts of cement
and water, with a water/cement ratio of 0.35 and superplasticizer contents varying
between 0.2% and 1.4% to the cement mass. Cement, water, and superplasticizer
were mixed for 5 minutes in a planetary mixer, and then the paste was poured into
the Marsh funnel with a diameter of 1 cm. Figure 4-10 shows the saturation point
of Glenium 51 superplasticizer with Portland cement CP-II-F32. Considering the

mixing time of 5 minutes, it is possible to notice that the saturation point
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4.3.2. Concrete Mix Design Using BétonLab Pro 3

4.3.2.1. Step 1 - Database creation

The first step of concrete optimization by BétonLab Pro 3 consisted of
creating a database of raw materials (natural and recycled coarse aggregates, natural
fine aggregate, cement, superplasticizer, silica fume, silica 325, and fly ash). The
necessary test procedures to obtain these properties are presented in Table 4-9 and

Table 4-10.

Table 4-9. Coarse and fine aggregate test procedures required for BétonLab Pro 3 database.

Properties Coarse Aggregate Fine Aggregate
Density NBR 16917:2021 NBR 16916:2021
Water Absorption NBR 16917:2021 NBR 16916:2021

NBR NM 248:2003

Compression + Vibration

NBR NM 248:2003

Compression + Vibration

Grain-size Distribution

Experimental Packing density

Table 4-10. Cement, mineral additives, and superplasticizer test procedures required for BétonLab
Pro 3 database.

<
) Portland
g Properties cement CP-II- Silica Fume Silica 325 Fly Ash Superplasticizer
a F32
[e]
. Densit NBR Provided by Provided by Provided by Provided by
% y 16605:2017 manufacturer manufacturer manufacturer manufacturer
g“ Grain-size Provided by Granulometry Granulometry Granulometry i
g Distribution manufacturer laser laser laser
Qa .
é Experm.lental BétonLab BétonLab BétonLab
g Packing Water demand -
5 . database database database
§ __ Density
o Compressive Provided by i i i i
ﬁ Strength manufacturer
=  Chemical Provided by i i i i
Composition manufacturer
Pozzolanic ) BétonLab ) BétonLab i
Coefficient database database
Solid Content - - - - Provided by
manufacturer
Saturation Marsh Cone Provided by Provided by
Amount Test manufacturer manufacturer ) )

Grain size distribution, density, water absorption, and experimental packing

density were computed for coarse and fine aggregates. In addition to the properties

mentioned before for the aggregates, chemical composition, and strength at a

certain age must be considered for Portland cement CP-II-F32, as well as the

pozzolanic coefficient of Silica Fume and Fly Ash.
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Water absorption is considered only for coarse and fine aggregates, and
saturation amount is only for cement and mineral additives. Regarding the
superplasticizer, solid content and density are computed.

For example, Figure 4-11 shows part of the database created for the mixed
recycled coarse aggregate (MRA). The database for natural coarse aggregate,
natural fine aggregate (including fractions S1 and S2, as described in Section 3.2.9),
Superplasticizer Glenium 51, Portland cement CP-11-F32, Silica Fume, Silica 325,
and Fly Ash are presented in Annex A.

General IF"ruprertiesl Skeletnn] Fraction 1 ] Fraction 2] Fraction 3

Experimental packing density  |0,431

Facking index q

Confinement | Cylinder ﬂ

Save |
MName |MIX Ra
_ Cancel | ]
General Proprerties | Skeleton | Fraction 1| Fraction 2| Fraction 3 |
Save
Density (kg/m3) IZSZS
. Cancel
Water absorption (%) [777—
General | Proprerties | Skeleton  Fraction 1 lFractinn2] Fraction 3
Save
Fraction  |630p ¢ |63 mm
Cancel
“without adrmixture

Tools

Enter the dimensions of the @ 240
cylinder in mm H [z00

Figure 4-11. Database creation on Bétonlab Pro 3 for mixed recycled coarse aggregate (MRA).

4.3.2.2. Step 2 - Calibration of “p” and “q” parameters

The second step of concrete optimization by BétonLab Pro 3 consists of
defining aggregates' “p” and “q” parameters. These parameters are calibrated
through the compressive strength obtained experimentally for two concrete

mixtures: one of high strength and another of low strength.
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Mortars were produced with only natural sand, cement, and superplasticizer
to calibrate fine aggregate's “p” and “q” parameters. As for coarse aggregates,
concretes were produced with natural or mixed recycled coarse aggregate, natural
sand, cement, and superplasticizer. The specimens of mortars and concretes were
tested under compression at 7 and 28 days, and the compressive strength of each
sample was inserted into the software BétonLab Pro 3. Thus, the software
calculated each material's “p” and “q” parameters.

The high strength (HS) and low strength (LS) mixtures tested for calibration

€ 9

of the “p” and “q” parameters for natural coarse aggregate (NAT), mixed recycled
coarse aggregate (MRA), and natural fine aggregate are presented in Table 4-11,

Table 4-12 and Table 4-13.

Table 4-11. Mixtures for calibration of the “p” and “q” parameters of NAT.

Materials (kg/m?) HS Mixture LS Mixture
Portland Cement (CP-11-F32) 380 320
Natural Fine Aggregate 760 711
Natural Coarse Aggregate 1140 1066
Water 190 224
Superplasticizer Glenium 51 1.14 0.96

[IPaLl

Table 4-12. Mixtures for calibration of the “p” and “q” parameters of MRA.

Materials (kg/m?) HS Mixture LS Mixture
Portland Cement (CP-11-F32) 410 340
Natural Fine Aggregate 760 711
Recycled Coarse Aggregate 1140 1066
Water 205 238
Superplasticizer Glenium 51 1.23 1.02

Table 4-13. Mixtures for calibration of the “p” and “q” parameters of natural fine aggregate.

Materials (kg/m?) HS Mixture LS Mixture
Portland Cement (CP-11-F32) 600 420
Natural Fine Aggregate 1360 1560
Water 240 294
Superplasticizer Glenium 51 1.08 1.26

As an example, Figure 4-12 shows the software BétonLab Pro 3 output after

calibration of the “p” and “q” parameters for mixed recycled coarse aggregate



PUC-Rio - Certificagdo Digital N° 1812817/CA

104

(MRA). The parameters “p” and “q” obtained for natural coarse and fine aggregate

are presented in Annex B.
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Figure 4-12. Calibration of “p” and “q” parameters on Bétonlab Pro 3 for the mixed recycled
coarse aggregate (MRA).

4.3.2.3. Step 3 — Concrete mix design

Once the “p” and “q” parameters are obtained, the mix design simulations can
be initiated. In this study, for concretes C30, cement consumption was kept constant
at 360 kg, and a w/c ratio equal to 0.50 was adopted. Furthermore, the ratio between
fine and coarse aggregates was kept constant at 40% of fine aggregates and 60% of
coarse aggregates.

As for the C50 concrete, in addition to the cement consumption of 360 kg and
the w/c ratio of 0.5, constant values of mineral additives were adopted: 70 kg of
silica 325, 45 kg of silica fume, and 168 kg of fly ash. Lastly, the ratio between fine
and coarse aggregates was kept constant at 58% of natural quartz sand fraction S1
(150 ym < @ < 0.85 mm), 7% of natural quartz sand fraction S2 (0.85 mm < @ <
4.75 mm), and 35% of coarse aggregates.

Ultimately, for both groups C30 and C50, the natural aggregate was replaced
by volume by the mixed recycled aggregate, considering the content of recycled

aggregate to be obtained in each concrete mixture.
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Table 4-14. Concrete mixtures for concrete class C30.

Material (kg/m?%) C30-00 C30-20 C30-50 C30-100
Portland Cement (CP-II-F32) 360 360 360 360
Natural Coarse Aggregate (NAT) 1091 873 540 -

Mixed Recycled Coarse Aggregate (MRA) - 216 546 1080
Natural Fine Aggregate (O <4.75mm) 728 728 728 728
Total Water 223 237 258 291

Free Water 180 180 180 180
Superplasticizer 1.1 1.1 1.1 2.2

Table 4-15. Concrete mixtures for concrete class C50.

Material (kg/m?) C50-00 C50-100
Portland Cement (CP-II-F32) 360 360
Silica 325 70 70
Silica Fume 45 45
Fly Ash 168 168
Natural Fine Aggregate S1 (150um < @ < 0.85mm) 830 830
Natural Fine Aggregate S2 (0.85mm < @ < 4.75mm) 100 100
Natural Coarse Aggregate (NAT) 494 -
Mixed Recycled Coarse Aggregate (MRA) - 489
Total Water 275 280
Free Water 180 180
Superplasticizer 45 50

Thus, through the software BétonLab Pro 3, it was possible to estimate the
compressive strength of the concrete mixtures C30 and C50. As an example, the
mix proportion for the reference concrete C30-00 is presented in Figure 4-13. The
mix proportions for the concretes C30-20, C30-50, C30-100, C50-00, and C50-100

are presented in Annex C.
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Figure 4-13. Mix proportions for the reference concrete C30-00.

4.3.3. Mixing Process and Tests Methods

106

The mixing process was performed in a 30-liter planetary mixer (previously

wet) for all concrete mixtures. For concrete strength class C30 (C30-00, C30-20,

C30-50, and C30-100), the materials were mixed following the three steps:

1. Add all aggregates (natural fine aggregate and coarse aggregate — natural or

2. Add the total amount of cement and 70% of the water and mix for 1 min;

recycled) and mix for 1 min;

3. Add the remaining water (30%) and the superplasticizer, and mix for 10 min.

conducted through the five steps below:

1.

3. Add the total amount of cement and mix for 1 min;

For concrete class C50 (C50-00 and C50-100), the mixing procedure was
Add all aggregates (natural fine aggregate S1, natural fine aggregate S2, and
coarse aggregate — natural or recycled) with 70% of the water and mix for 1 min;

Add all mineral additives (silica 325, silica fume, and fly ash) and mix for 1 min;

Add the remaining water (30%) and the superplasticizer, and mix for 10 min.
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4.3.3.1. Slump Cone Test

The slump cone test was carried out following the requirements of the
Brazilian standard ABNT NBR 16889:2020 [270]. The test was performed using a
steel mold with a cylindrical shape, with a 20 cm bottom diameter, a 10 cm top
diameter, and a 30 cm height. A rectangular base plate and a compaction rod
(circular steel section with a diameter of 16 mm and a length of 60 cm) were also
used. Before testing, the whole apparatus was cleaned and dried.

After positioning the cylindrical mold on the base plate, the mold was filled
with concrete in three layers of equal height. Each layer was compacted through 25
blows with the compacting rod. When the mold was filled with concrete, the top
surface was flushed with the top opening of the mold. The mold was held firmly
against its base during the entire operation through handles and footrests welded to
the mold so that it could not move due to concrete leakage. Finally, the cylindrical

mold was slowly lifted vertically, and the slump was measured.

4.3.3.2. Compressive Strength Test

The compressive strength was measured at 28 days using cylindrical
specimens (¢ = 100 mm and h = 200 mm), according to the Brazilian standard
ABNT NBR 5739:2018 [271]. The mixing process was performed as described
before. After 24 h, these specimens were demolded and taken to a humid chamber.
After 28 days, before tests, they were flattened, avoiding irregular surfaces [272].

The compressive strength tests were performed at a loading rate of 0.35
MPa/s on a 500 kN servo-hydraulic MTS actuator. Two displacement transducers
(LVDTs) were installed to measure the strain during loading, coupled to rings
lightly attached to the specimens and 119 mm apart (gage length), as shown in
Figure 4-14. The specific strain was calculated as the average of the relative strain
measured by each of the LVDTs divided by the gage length.

The experimental results of compressive strength were used to verify the
theoretical concrete mix design based on the Compressible Packing Model (CPM),
by comparing the values obtained experimentally and those predicted by the

software BétonLab Pro 3.
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Figure 4-14. Compressive strength test performed on a 500 kN servo-hydraulic MTS actuator.

4.3.3.3. Tensile Strength Test

The tensile strength was indirectly measured through the diametral
compression test proposed by the Brazilian researcher Lobo Carneiro in 1943. This
test is known for its easy execution compared to the direct tensile strength test.

According to the Brazilian standard ABNT NBR 7222:2011 [273], the
diametral compression test involves applying a compressive load along two
generatrixes in the same diametrical plane of the cylindrical specimen (¢ = 100 mm
and h = 200 mm). The mixing process was performed as described before. After 24
h, the concrete specimens were demolded and taken to a humid chamber for 28 days
[272].

For test execution, the cylindrical specimens were placed horizontally,
supported by two wooden strips. The wooden strips were 3.5 mm tall and had a
base of 15 mm. The load was applied continuously at 0.05 MPa/s until the specimen
failed. The indirect tensile strength, obtained through the diametral compression

test, is calculated by Eq. 4-10:

2:'F
fct,sp = Ld Eq. 4-10

Where:
fctsp is the indirect tensile strength (MPa);
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F is the maximum applied force (N);
L is the specimen length (mm);

D is the specimen diameter (mm).

According to the Brazilian standard ABNT NBR 6118:2014 [71], the direct
tensile strength (fc,m) can be considered equal to 0.9 of the indirect tensile strength

(feesp), obtained by the diametral compression test (Eq. 4-11):

feem =09+ fct,sp Eq. 4-11

Also, the relationship between compressive strength (fck) and the direct tensile

strength (fc,m) of concrete of strength class up to C50 is given by Eq. 4-12:

2

foom = 0.3+ 3, Eq. 4-12

Thus, the correlation between the indirect tensile strength (fc.sp) and the

compressive strength (fck) can be obtained by Eq. 4-13:

2
(0.3- ffk>

0.9

fct,sp = Eq. 4-13

Where:
fersp 1S the indirect tensile strength (MPa);

fek 1s the compressive strength (MPa).

4.4.Results and Discussions

Regarding the consistency of fresh concrete, the reference concrete C30-00
presented a slump value equal to 75 mm. As the content of mixed recycled
aggregate increased, there was a reduction in the slump value. Concrete with 20%,
50%, and 100% mixed recycled aggregate showed reductions in the slump value of
15%, 31%, and 35%, respectively. This reduction in workability can be explained
by the higher water absorption of the mixed recycled aggregate compared to the
natural aggregate, causing a reduction in the available mixing water. Specifically
for concrete with 100% mixed recycled aggregate (C30-100), the higher amount of

superplasticizer in the mixture reduced the negative impact on the workability of
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the higher water absorption. Thus, the slump result was similar to the sample with
50% mixed recycled aggregate. Figure 4-15 shows the concrete C30-50 in the fresh

concrete and its slump result.

(©

Figure 4-15. Fresh concrete (a and b) and slump result (¢) for concrete C30-50.

Concerning the properties of concrete in the hardened state, Table 4-16 and
Figure 4-16 present the results obtained in the compressive strength test and the
tensile strength test for concretes C30 (C30-00, C30-20, C30-50, and C30-100). As
the content of mixed recycled aggregate increases, it is possible to observe a slight
reduction in compressive strength, modulus of elasticity, and indirect tensile
strength of concrete. Compared to the reference concrete (C30-00), concrete C30
made with 100% mixed recycled aggregate (C30-100) presented a reduction of 10%
in compressive strength, 12% in modulus of elasticity, and 3% in indirect tensile

strength.
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Table 4-16. Experimental maximum compressive strength, maximum strain, modulus of elasticity,
and indirect tensile strength of concrete mixtures C30.

C30-00 C30-20 C30-50 C30-100
f. (MPa) 282+19 27.3+1.8 25.8+0.8 254+04
€ (um/m) 2028.1 £75.1 21894 £117.1 2349.2 £ 105.7 2316.6 £179.1
E (GPa) 30.1+0.8 28.6+0.9 26.9+0.8 264+04
fersp (MPa) 3.34+£0.25 3.17+£0.12 3.20+£0.08 3.24 £ 0.05
C30
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Figure 4-16. Compressive stress-strain curves of concrete mixtures C30.

Figure 4-17 shows the concrete C30 samples after the diametral compression
test, which was used to obtain the indirect tensile strength. In a visual analysis, it is
possible to observe that there is no relevant difference in terms of porosity between

the samples.
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Figure 4-17. Samples of (a) C30-00, (b) C30-20, (c) C30-50, and (d) C30-100 after the diametral
compression test.

The work developed by Ferreira [274] using samples made with the same mix
designs C30-00 and C30-50 applied in this study (including the same natural and
mixed recycled coarse aggregates) showed a slight difference between samples
regarding the pore volume. The author conducted an x-ray microtomography
analysis at PUC-Rio using a Zeiss-XRadia 510 Versa X-ray microtomography with
a minimum spatial resolution of 0.7 pm. Table 4-17 and Figure 4-18 show the

results obtained by Ferreira [274].
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Figure 4-18. The pore volume of (a) C30-00 and (b) C30-50 samples [274].
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Table 4-17. The total pore and mass volume of C30-00 and C30-50 samples [274].
Total Pore Volume (%) Mass Volume (%)

C30-00 2.82+0.35 97.18 £ 0.35
C30-50 4.38 £0.60 95.62 £ 0.60

Porosity is a parameter directly associated with the concrete quality: the
higher the porosity (volume of voids), the lower the concrete strength. Thus, based
on the available data by Ferreira [274], it can be said that the replacement of natural
aggregate by mixed recycled aggregate does not generate a relevant negative impact
in terms of the material's porosity.

Table 4-18 and Figure 4-19 present the results obtained in the compressive
and tensile strength tests for concretes C50 (C50-00 and C50-100). For concrete
strength class C50, the impact of the complete replacement of natural aggregate
with mixed recycled aggregate was more pronounced. For concrete made with
100% mixed recycled aggregate (C50-100), the compressive strength, modulus of
elasticity, and indirect tensile strength were reduced by 26%, 22%, and 21%,
respectively, when compared to the reference concrete (C50-00). Both groups, C30
and C50, presented stress-strain curves with similar behavior (Figure 4-16 and
Figure 4-19, respectively).

Table 4-18. Experimental maximum compressive strength, maximum strain, modulus of elasticity,
and indirect tensile strength of concrete mixtures C50.

C50-00 C50-100
f. (MPa) 51.6+ 1.4 384 +£27
e(um/m) 33574 +111.1  2606.8 +191.8
E (GPa) 412+35 323+15

fer.sp (MPa) 4.75 £0.15 3.73+£0.18
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Figure 4-19. Compressive stress-strain curves of concrete mixtures C50.

Furthermore, as seen in Table 4-19, the experimental results of compressive
strength showed a high correlation with the values predicted by the Compressible
Packing Model (CPM) through the software BétonLab Pro 3. For the reference
concrete C30-00 and concrete made with 20% mixed recycled aggregate (C30-20),
the ratio between the theoretical value and the experimental value of compressive
strength was approximately 1, reducing to 0.95 and 0.94 for concretes made with
50% and 100% mixed recycled aggregate (C30-50 and C30-100), respectively. As
for concrete strength class C50, the ratio between the theoretical and experimental
compressive strength values was approximately 0.92 for reference concrete (C50-

00) and concrete made with 100% mixed recycled aggregate (C50-100).

Table 4-19. Correlation between experimental and theoretical compressive strength of concrete.

C30-00 C30-20 C30-50 C30-100 C50-00 C50-100

f. (MPa) — Experimental 28.2 27.3 25.8 25.4 51.6 38.4
f. (MPa) — Theoretical 27.9 27.2 24.5 24.0 48.1 35.9
Ratio (theoretical /experimental) 0.99 1.00 0.95 0.94 0.93 0.93

Table 4-19 shows that this correlation is more accurate for concrete strength

class C30 than for concrete strength class C50, regardless of the amount of mixed
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recycled aggregate. This variation may be associated with the properties of the
mineral additives (fly ash, silica 325, and silica fume) provided by the
manufacturers or obtained directly from the BétonLab database. In other words,
some properties considered in the mix design of C50 concretes using the software
BétonLab may differ from the real values of the materials used, which may have
impacted the accuracy of the software prediction for these concretes.
Nevertheless, the ratio above 90% between theoretical and experimental
values for all samples demonstrates that, with the aid of the software BétonLab Pro,
the Compressible Packing Model (CPM) can be successfully applied for the mix
design of concrete made with mixed recycled aggregate up to strength class C50.
Regarding the indirect tensile strength (fcisp), it was possible to calculate the
theoretical value using the experimental concrete compressive strength (fc). When
comparing this theoretical value with the experimental results, the ratio was above
0.90 for all concrete samples, regardless of the concrete strength class and the
content of mixed recycled aggregate (Table 4-20). Therefore, in the case of tensile
strength, there is no need to propose any adjustments in the theoretical formulation
of the Brazilian standard ABNT NBR 6118:2014 [71] for concretes made with

mixed recycled aggregate.

Table 4-20. Correlation between concrete's experimental and theoretical tensile strength.

C30-00 C30-20 C30-50 C30-100 C50-00 (C50-100

fet,sp (MPa) — Experimental 3.31 3.17 3.20 3.21 4.75 3.73
fet,sp (MPa) — Theoretical 3.09 3.02 2.91 2.88 4.62 3.80
Ratio (theoretical /experimental) 0.94 0.95 0.91 0.90 0.97 1.02

PUC-Rio - Certificagdo Digital N° 1812817/CA

The Brazilian standard ABNT NBR 6118:2014 [71] also presents a
theoretical formulation for obtaining the modulus of elasticity of concrete between

C20 and C50 as a function of its compressive strength (fcx) (Eq. 4-14):

E.i = ag 5600,/ f.x Eq. 4-14
Where:
Ei is the modulus of elasticity (MPa);
fek is the compressive strength (MPa);
oE 1s a constant that varies according to the type of coarse aggregate:
aeg= 1.2 to basalt and diabase

ae= 1.0 to granite and gneiss
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oe = 0.9 to limestone

og = 0.7 to sandstone

As seen above, the Brazilian standard ABNT NBR 6118:2014 [71] does not
prescribe the constant ag when using recycled aggregate as coarse aggregate in
concrete. Thus, to obtain the ag for the mixed recycled aggregate used in this study,
a graph was initially made with the experimental values of the modulus of elasticity
and the compressive strength for concretes made with 20%, 50%, and 100% of

mixed recycled aggregate (Figure 4-20).

160000 1 I I |

Equation ¥ = 0,2043082422 * X + 1461, 302914
Coefficient of determination, R-sg'd = 0.990127
140000 | Correlation coefficient, R = 0.995051255%

Resldual mean square, sigma-hat-sg'd = 1.55537E+07
P-Value = Less than 0.0001

Standard error of intercept X coefficient = +/-1429 56
120000 | standard error of slope ¥ coefficient = +/-0.0201925 + -

& 100000 - .

]

w 80000 - .
60000 -
40000 -
20 l | ] |

000
20000 50000 80000 110000 140000
5600*(f,,)" | %RA

Figure 4-20. Correlation between experimental modulus of elasticity of concretes with 100%
recycled aggregate and respective theoretical values.
Based on the fit curve, the following Eq. 4-15 was obtained:
E;i 5600
L — 9. BN/ 4 1461

RA. ) RA,

E.; = 5040,/f., + 1461 - RA, Eq. 4-15

Where:
RA: is the recycled aggregate content (20% = 0.2; 50% = 0.5; 100% = 1);
Ei is the modulus of elasticity (MPa);
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fek is the compressive strength (MPa).

Table 4-21 shows the correlation between the experimental and theoretical
modulus of elasticity of concrete mixtures C30 and C50. For concretes made with
mixed recycled aggregate (C30-20, C30-50, C30-100, C50-100), the proposed Eq.
4-15 was applied. For reference concretes C30-00 and C50-100, Eq. 4-14 was used,

considering ag value equal to one since the natural aggregate is granitic.

Table 4-21. Correlation between the experimental and theoretical modulus of elasticity of concrete

mixtures C30 and C50.
C30-00 C30-20 C30-50 C30-100 C50-00 C50-100
Eci (GPa) — Experimental 30.1 28.6 26.9 26.4 41.2 32.3
Eci (GPa) — Theoretical 29.7 26.6 26.3 26.9 40.2 26.9
Ratio (theoretical /experimental) 0.99 0.93 0.98 1.02 0.98 0.83
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The results show a high correspondence between theoretical and experimental
values, especially for concrete strength class C30. Thus, based on the experimental
data available in this study, it can be concluded that Eq. 4-15 can be successfully
used for calculating the modulus of elasticity of concrete made with mixed recycled

aggregate up to strength class C50.

4.5.Conclusions

In this chapter, a study was carried out on the mix design of concretes with
two different strength classes (C30 and C50) manufactured with mixed recycled
aggregate through the Compressible Packing Model (CPM) using the software
BetonLab Pro 3.

It can be concluded that the quality of the materials characterization tests is
directly related to the accuracy of the materials database to be developed in the
software BétonLab Pro 3. Also, the greater the quantity of high and low-strength
concrete mixtures to be tested under compression, the more accurate the calibration
of aggregates' “p” and “q” parameters.

During the mixing process, the required water was split into two parts (70%
and 30%), the smallest fraction added only in the final step, together with the

superplasticizer. Since the recycled aggregate presents a higher water absorption,

this procedure guarantees a greater proportion of free water, making the mixture
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more homogeneous. Regarding the consistency of fresh concrete, as the content of
mixed recycled aggregate increased, there was a reduction in workability because
of the higher water absorption of the mixed recycled aggregate compared to the
natural aggregate causing a reduction in the available mixing water. Therefore, the
use of superplasticizers can reduce this negative impact.

In a visual analysis, no relevant difference was observed in porosity between
the concrete samples, regardless of the content of mixed recycled aggregate. Using
x-ray microtomography analysis, only a slight increase in pore volume and in the
percentage of connected pores was observed by Ferreira [274] when 50% of natural
aggregate was replaced with mixed recycled aggregate.

Regarding the compressive strength, for concrete strength class C30, as the
content of recycled aggregate increases, there is only a slight reduction in the
compressive strength and the modulus of elasticity and a small increase in the
maximum strain. Although this difference becomes more pronounced for the higher
strength class (C50), the stress-strain curves of all concrete mixtures presented a
similar behavior, and it is possible to declare that even the replacement of 100% of
the natural aggregate with mixed recycled aggregate with a ceramic fraction lower
than 15% did not cause a significant impact on the concrete compressive strength.

The ratio between the theoretical and experimental compressive strength
values was above 0.91 for all concretes. Thus, based on the available data in this
study, it can be said that the Compressible Packing Model (CPM) can be
successfully applied for the mixture proportioning of concrete made with mixed
recycled aggregate for both strength classes C30 and C50.

Regarding the tensile strength, for all concrete strength classes and mixed
recycled aggregate content, the experimental values showed a correlation above
90% compared with the theoretical value, calculated through the formulation of the
Brazilian standard ABNT NBR 6118:2014 [71]. In such a way, there is no need to
propose any adjustments in this theoretical formulation when using mixed recycled
aggregate in the concrete.

Lastly, using the experimental results, it was possible to propose a theoretical
formulation to correlate the modulus of elasticity with the compressive strength and
the mixed recycled aggregate content in concrete, thus adapting the existing
formulation in the Brazilian standard ABNT NBR 6118:2014 [71], which consider

only concrete manufactured with natural aggregates of different types.
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5. Flexural Behavior of Short Reinforced Concrete Beams
Made with Mixed Recycled Aggregate

5.1.Introduction

One of the oldest publications on recycled aggregates in reinforced concrete
beams was published in 1988 in Japan [275]. After that, many researches have been
carried out to evaluate the structural performance of concrete manufactured with
recycled concrete aggregate [53]-[66].

In general, it can be said that the bending behavior of beams is not
significantly affected by the replacement of natural aggregates with recycled
concrete aggregates (with no ceramic fragments) [56], [58], [61]-[64]. When
compared to conventional concrete beams, beams made with recycled concrete
aggregate present similar yielding and ultimate moments and a lower cracking
moment [56], [58], [59]. Pradhan et al. [55] remarked that cracking load is affected
by the lower tensile strength of concrete made with recycled aggregate while
incorporating recycled concrete aggregates less influences the ultimate load.
Regarding cracking, some authors observed that crack spacing decreases as the
content of recycled concrete aggregates increases [53], [55], [58], [59]. Besides
that, there is no consensus concerning the crack width: in some studies, the crack
width increases with the increase in the content of recycled concrete aggregates
[53], [54], [63]. Meanwhile, in other research, no relevant discrepancy was
observed [57], [58]. The divergence in some results can be explained by the
different research methodologies and materials used in each study since there are
different ways to obtain and select the recycled aggregate from construction and
demolition waste.

On the other hand, although some researchers have shown that mixed
recycled aggregate can generate high-quality concrete ([23], [34], [35], [67]-[70]),
the use of mixed recycled aggregate in the design of structural concrete is usually
not addressed in concrete codes and standards, due primarily to the gaps in
scientific-technical understanding of performance attributable to a paucity of

research and the great heterogeneity of the mixed recycled aggregate. In Brazilian,
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for example, the use in structural concrete of recycled aggregate with any ceramic
fraction is not allowed. Consequently, mixed recycled aggregate is widely used as
a pavement base and raw material for non-structural concrete, limiting valorization
opportunities.

Therefore, to help provide grounds for including this type of aggregate in the
existing standards, fueling the recycling of construction and demolition waste, this
chapter seeks to comprehend the flexural behavior of short reinforced concrete
beams manufactured with mixed recycled aggregate when subjected to short-term
loading. For this, will be used a mixed recycled aggregate with approximately 13%
of ceramic fragments. This recycled aggregate was received directly from a

Brazilian recycling plant, located in Ribeirdo Preto, Sao Paulo.

5.2.Experimental Program

Initially, beams were produced with concretes of strength classes C30, with
0%, 20%, 50%, and 100% of mixed recycled aggregate, as presented in Chapter 4.
These beams were designed according to the Brazilian standard ABNT NBR
6118:2014 [71], considering a ductile failure, which means that reinforcement
yields before concrete failure. Henceforward, these four beams will be called C30-
00-D, C30-20-D, C30-50-D, and C30-100-D ("D" being a reference to “ductile
failure”).

After that, to understand the impact of concrete strength on the structural
performance, two other beams were produced, using the same reinforced section as
before but using concrete with strength class C50. These beams were produced with
0% and 100% of mixed recycled aggregate, as presented in Chapter 4, and from
now on, they will be called C50-00-D and C50-100-D, respectively.

Subsequently, two other beams, with 0% and 100% mixed recycled
aggregate, were designed using concrete strength classes C30, but this time with an
over-reinforced section to present a brittle failure (characterized by the crushing of
concrete before the rebar yields). Thus, throughout this work, these two beams will
be referred to as C30-00-B and C30-100-B, in reference to brittle failure (“B”).

A pull-out test was also conducted to investigate the bond behavior between

the steel rebar and the different concretes (C30-00, C30-20, C30-50, C30-100, C50-
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00, and C50-100). The purpose of this test was to complement the understanding of
the four-point bending test results (performed for the six beams described above).
Finally, to investigate the applicability of the Brazilian standard ABNT NBR
6118:2014 [71] to beams made with mixed recycled aggregate, the experimental
results were compared to the theoretical equations, mainly concerning the cracking
moment and crack opening.
Figure 5-1 illustrates the experimental program related to the flexural

behavior of reinforced concrete beams made with mixed recycled aggregate.
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Figure 5-1. Experimental Program — Flexural behavior of short reinforced concrete beams made
with mixed recycled aggregate.
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5.2.1. Four-point Bending Test

The flexural performance was evaluated through a four-point bending test of
simply supported beams with a rectangular cross-section of 120 x 150 mm (width
x height) and 1200 mm in length. This test generates a constant bending moment at
the beam’s midspan, where maximum strains, moments, and deflections occur.

A 500 kN servo-hydraulic MTS actuator mounted in a steel test frame was
used to apply the load to a metallic frame. A hinge was positioned between the
actuator and the metallic frame to avoid any uneven load applied by the actuator.
The metallic frame distributed the applied load to two rollers positioned in the
central third of the beams, generating a region of constant bending moment.

Digital Image Correlation (DIC) technique was used to understand the crack
evolution process better. A speckle pattern was created on the surface of the beams
in the Area of Interest (AOI) located between the load application points. Tiny black
dots (made with spray paint) were randomly applied over a white background to
create this pattern. For all beams, pictures for the DIC technique were taken each
10s using a CANON camera.

The load was applied for all beams using a displacement control method with
a 1.0 mm/min rate. The deflection was measured by three LVDTs, placed at the
beam’s midspan and towards each load application point to confirm the
experimental data registered by the midspan displacement transducer. A strain
gauge was placed in the mid-length of each flexural reinforcement bar to register
the steel strains. Also, the concrete beams' upper and bottom faces were
instrumented with strain gauges to measure the midspan concrete strains.

Beams designed for ductile failure (C30-00-D, C30-20-D, C30-50-D, C30-
100-D, C50-00-D, and C50-100-D) were positioned on rollers located 50 mm from
the beam edges, with freedom of horizontal movement, resulting in a clear span of
1100 mm, a flexural span of 370 mm, and two symmetrical shear spans of 365 mm.
The flexural reinforcement was made with two 8 mm ribbed steel bars
(reinforcement ratio of 0.5%) CA-50 with a yield strength of 500 MPa [276]. All
beams were reinforced with sufficient transversal reinforcement to prevent shear

failure (stirrups of 6.3 mm every 15 cm, except for the central span) (Figura 5-2).
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Figure 5-2. Setup and reinforcement of beams designed for ductile failure (in mm).

Figure 5-3 shows the setup and the reinforcement of beams designed for
brittle failure (C30-00-B and C30-100-B). These beams were positioned on rollers
located 100 mm from the beam edges, with freedom of horizontal movement to
avoid shear failure. Thus, the clear span was 1000 mm, the flexural span was 340
mm, and the two symmetrical shear spans were 330 mm. To ensure the beams had
a brittle failure, the flexural reinforcement was made with two 16 mm ribbed steel
bars (reinforcement ratio of 2.2%) CA-50 with a yield strength of 500 MPa [276].
The region of the supports was reinforced with stirrups of 6.3 mm every 7.5 cm,
except for the central span, to prevent shear failure. Compression longitudinal bars

of 6.3 mm favored the distribution of stirrups.
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The wooden formworks were manufactured in 30 mm naval plywood. They
all underwent a dimensional inspection before each concreting, resulting in
elements varying = 2 mm in their dimensions. Before pouring the concrete,
plastic reinforcement spacers were positioned to ensure a 25 mm concrete cover,
the formworks were positioned on a leveled base, and a release agent was applied.

Concrete was poured directly onto the formworks with a metallic ladle,
varying the placement points. For every third of the volume of concrete placed, a
manual concrete vibrator was used to avoid trapping air on the internal surfaces.
For beams C30-00-B and C30-100-B, because of the over-reinforcement, a concrete
vibrating table was necessary. After pouring the concrete, a screeding tool was used
to flatten the wet concrete. Figure 5-4 shows the reinforcement of beam C30-00-D
positioned at the wooden formworks and the beams C30-00-D, C30-20-D, and C30-
50-D after concrete pouring. The stripping of formwork was carried out after the

first day of age, followed by wet curing for 28 days.
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The mixing process was performed in a 30-liter planetary mixer. The beams

were demolded 24h later and taken to a humid chamber. After 28 days of curing,
the beams were kept for 24 hours in a dry place so that it was possible to apply the
DIC speckle pattern. The four-point bending tests were carried out 30 days after
molding.

Figure 5-5 shows a beam positioned for the four-point bending test, while
Figure 5-6 presents the LVDTs and the base painting for monitoring by a digital

image correlation system (DIC).
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Figure 5-5. Beam positioned for the four-point bending test.
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Figure 5-6. Detail of the LVDTs and speckle pattern for DIC.

5.2.1. Pull-out Test

The pull-out tests were performed using a setup adapted from RILEM
recommendations [277]. For this investigation, $& mm ribbed steel bars CA-50
were used. The steel bars were rust-free. The molds measured 150 x 150 x 150 mm,
and an embedment length of 100 (i.e., 80 mm) was adopted.

A 30-liter planetary mixer was used to manufacture six specimens for each
designed concrete. The specimens were cast with the steel rebar in a horizontal
position to simulate the situation of end rebar anchorage in concrete beams. All the
specimens were demolded a day after pouring and transferred to a humid chamber
for 28 days.

For the pull-out test, a 500 kN servo-hydraulic MTS actuator was used. The
specimens were placed in a cage, attached to the actuator's superior claw by its
upper end. The specimen rebar was anchored to the actuator's inferior claw. Two
10 mm LVDTs were used: one measured the displacement between the specimen
and the cage, while the other recorded the displacement of the free end of the steel
bar embedded in the concrete (i.e., the slip between the steel rebar and the concrete).
Under different loading levels, the relative displacement between the steel rebar and

the concrete was computed by the difference between the two LVDTs. The test was
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performed under a machine displacement control rate of 0.5 mm/min until reaching

10 mm slip. Figure 5-7 and Figure 5-8 show the setup for the pull-out test and test

photos, respectively.
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Figure 5-7. Pull-out test setup and specimens’ details (in mm).
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Figure 5-8. Pull-out test photos.

When ribbed bars are used, the ribs provide a mechanical interlock that allows
the development of greater bond stress after overcoming the chemical adhesion.
This mechanical interlock provides bearing force against the face of the bar ribs.

The bond stress-slip diagram can be divided into five stages (Figure 5-9).
There is a short non-slip straight line section at the initial loading stage, mainly due
to the chemical adhesion and friction between the steel bar and the concrete (stage
1). When the loading increases, the chemical adhesion between the rebar and
concrete fail, and the rebar and concrete produce a relatively slight slip (stage 2).
As the load increases, radial splits appear around the rebar due to the radial pressure
exerted by the rebar ribs (stage 3). When the ultimate bond stress (tr) is reached, the
shear-cut slip along the rib diameter occurs. Then, the bond stress decreases
quickly, and the slip amount increases rapidly (stage 4). When the slip amount
reaches a certain value, the concrete between the ribs is completely cut-off. At this
time, the bond stress did not keep decreasing; from this point, the residual bonding
stress (tr) is only provided by the friction between the steel bar and the surrounding

concrete (stage 5).
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Slip
Figure 5-9. Typical bond stress-slip diagram considering ribbed steel bars (adapted from [278]).
The bond stress in the pull-out test can be considered constant along the length

of the steel bar embedded in the concrete. The bond stress (1) is obtained by dividing
the applied load by the nominal anchorage surface (Eq. 5-1):

P
T=—r Eq. 5-1

Where:
T is the bond stress (MPa);
P is the applied load (N);

Iy is the embedment length (mm);

@ is the rebar diameter (mm).

5.3.Results and Discussions

Figure 5-10 and Figure 5-11 show the diagrams of the moment—midspan
deflection of the C30-00-D, C30-20-D, C30-50-D, C30-100-D, C50-00-D, and
C50-100-D concrete beams, all of them designed for ductile failure.
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Figure 5-10. Moment-deflection at midspan of beams made with concrete strength class C30
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Overall, a similar trend was observed for recycled and conventional
concretes. All specimens showed nearly linear behavior before and after cracking
until the onset of the yielding of the reinforcement bar. From that point, the
specimens showed nonlinear behavior until culminating in their failure. All
concrete beams failed in flexure due to the yielding of the longitudinal steel and the
subsequent concrete crushing in the compression zone.

At first, by analyzing the moment—deflection diagrams (Figure 5-10 and
Figure 5-11), it is possible to observe that the behavior of all beams before cracking
is practically the same. That is, it can be said that the initial uncracked stiffness of
the beams is not affected by the concrete's content of mixed recycled aggregate.

For each specimen, the bending moments were calculated using the load
registered at the midspan of the beam, where the maximum value occurs. Table 5-1
presents the cracking moment (Mc;), yielding moment (Myie1), and ultimate moment
(Muiy) of beams designed for ductile failure (C30-00-D, C30-20-D, C30-50-D, C30-
100-D, C50-00-D, and C50-100-D), as well as the moment related to the maximum
deflection under serviceability conditions, named as Mi»so [71]. Since the clear
span of these beams was 1100 mm, My»s0 corresponds to a deflection of 4.4 mm at
the midspan. Considering this deflection value, the bending moments related to the
maximum deflection under serviceability conditions Mi2s0 were obtained directly
from the moment-deflection diagrams (Figure 5-10 and Figure 5-11). Accordingly,
the cracking deflection (dr), yielding deflection (dyie1), and ultimate deflection (Suir)

were also presented in Table 5-1.

Table 5-1. Bending moments and deflections for beams designed for ductile failure.

C30-00-D C30-20-D C30-50-D C30-100-D  C50-00-D C50-100-D

M,, (kN.m) 1.97 1.68 1.63 1.60 2.70 2.63
M, 5 (KN.m) 6.24 5.98 5.95 6.12 5.45 5.53
M, (kN.m) 6.29 6.42 6.03 6.54 5.73 6.35
M,;; (kN.m) 7.25 7.30 6.67 6.94 7.27 7.51

der (mm) 0.47 0.36 0.28 0.43 1.54 1.45
dyiel (mm) 4.46 4.92 3.32 4.85 497 5.67
dui (mm) 24.78 22.90 18.93 16.32 14.00 13.99
duie/ dyiel 5.56 4.65 5.71 3.36 2.82 247

Reductions of 15%, 17%, and 19% in cracking moments have been detected

for C30-20-D, C30-50-D, and C30-100-D, respectively, compared to reference
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beam C30-00-D. These reductions are consistent with the lower tensile strength of
recycled concretes, which leads to an earlier cracking than conventional concretes.
Regarding the beams made with concrete of a higher concrete strength class
(C50), the cracking moments are greater than those of recycled concrete beams C30.
That is, C50 beams take longer to crack, which is consistent with the higher tensile
strength of this concrete. In addition, it can also be noted that the reduction in the
cracking moment between the reference beam C50-00-D and the beam made with
100% mixed recycled aggregate C50-100-D is only 6%. Thus, considering the
cracking moment of the beams, the higher the strength class of concrete, the lower
the impact of replacing natural aggregate with mixed recycled aggregate.
Regarding bending moment for maximum deflection under serviceability
conditions (Mi250), the variations between concrete with different amounts of mixed
recycled aggregate can be considered negligible regardless of concrete strength
class. That is, the complete replacement of the natural aggregate by the mixed
recycled aggregate did not negatively impact the bending moment for maximum
deflection under the serviceability conditions of the beams. Considering the
previous analysis, it can be said that the serviceability characteristics of the beams
were not significantly affected by the content of mixed recycled aggregate.
Furthermore, the difference in ductility (6u1/0yie1) can be considered negligible
between reference beam C30-00-D and beams with up to 50% mixed recycled
aggregate (C30-20-D and C30-50-D). The reduction in ductility is more clearly
observed when the mixed recycled aggregate content is 100%, regardless of the
concrete strength class (Table 5-1).
It is also possible to verify that there is essentially no difference between the
ultimate moments (Mur) and yielding moments (Myie1) obtained for the reference
beam and the recycled concrete beams, regardless of the strength class of the

concrete and the content of mixed recycled aggregate (Table 5-1 and Figure 5-12).
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Figure 5-12. Comparison between the diagrams of the moment—midspan deflection of beams with
0% and 100% mixed recycled aggregate and concrete strength classes C30 and C50.

Considering that customary service conditions occur after cracking, the
performance of the cracked cross-section was analyzed at 50% of the ultimate load.
The strain diagrams of the cross-section after cracking were obtained using the
experimental strains registered at the upper and bottom faces of the concrete beams
and the average strain registered by the strain gauges placed in the midspan of each
flexural reinforcement bar (Figure 5-13). According to the Bernoulli hypothesis for
bending beams, these diagrams were drawn based on the assumption that plane

sections remain plane after loading.
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Figure 5-13. Strain diagrams in the mid-span section at 50% of ultimate load.

The distribution of strains across the mid-span section can be considered
linear for all beams, proving the Bernoulli hypothesis. Small differences were
observed between beams regarding the depth of the compression zone. For beams
made with concrete strength class C30, the depth of the compression zone ranged
from 6.3 to 6.9 cm, while for beams made with concrete strength class C50, it varied
from 5.4 cm to 5.9 cm. Despite these small differences, regardless of the concrete
strength class, the depth of the compression zone increases as the content of mixed
recycled aggregate increases. This difference can be attributed to the lower modulus
of elasticity of recycled concrete (especially noticeable with high replacement
percentages), which leads to greater deformations at the compression zone of the
beam, and, consequently, to an increase in depth of the compression zone.

Figure 5-14 presents the load-deflection relationship along the beams at
different loading stages. The three LVDTSs on the beam's bottom face measured the
deflection levels. For all beams, constant load values of 10kN, 20kN, and 30kN
were analyzed, as well as loads equivalent to the respective reinforcement yielding

and ultimate load.
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Figure 5-14. Load-deflection for beams C30-xx-D and C50-xx-D at different load stages.

At 10 kN, with already cracked concrete, all beams presented a linear

behavior and very similar values of deflections, despite de content of mixed

recycled aggregate and the concrete strength class. For concrete strength class C50,
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almost no difference was observed between the deflections obtained for the beams,
regardless of the applied load. For concrete strength class C30, deflections of all
beams are similar up to the reinforcement yielding load. However, because of the
higher deformability of mixed recycled concrete (due to its lower modulus of
elasticity), mixed recycled concrete beams were expected to present higher
deflections than conventional concrete beams. To further understand these
tendencies, beams with a higher reinforcement ratio were produced, seeking a
brittle failure governed by the concrete.

Figure 5-15 shows the moment—-midspan deflection diagrams obtained for
the beams C30-00-B and C30-100-B. Meanwhile, Table 5-2 presents the cracking
moments (Mcr), ultimate moments (Mur), bending moments related to the maximum
deflection under serviceability conditions (Mi»so0), cracking deflections (dcr), and
ultimate deflections (dui)). For these beams C30-00-B and C30-100-B, since the
clear span was 1000 mm, the bending moment related to the maximum deflection
under serviceability conditions (Myzs0) corresponds to a deflection of 4.0 mm at the
midspan.

C30-xx-B
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Figure 5-15. Moment-deflection at midspan of beams made with concrete strength class C30
designed for brittle failure (C30-00-B and C30-100-B).
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Table 5-2. Bending moments and deflections at midspan for beams designed for brittle failure.
C30-00-B  C30-100-B

M, (kN.m) 2.29 1.94
M, (kN.m)  11.92 9.72
M, (kN.m) 17.90 15.88
Ser (mm) 0.59 0.63
Suie (mm) 7.67 8.92

Figure 5-16 shows the moment-rebar strain obtained for all beams in this
study. For each beam, the rebar strain was calculated from the average of the values
obtained for the strain gauge placed in the midspan of each flexural reinforcement
bar. The diagram shows that the reinforcement does not yield for beams C30-00-B
and C30-100-B, unlike what happens for the other beams. This confirms that these
over-reinforced beams C30-00-B and C30-100-B failed in compression without

reinforcement yielding, confirming the brittle failure for which they were designed.
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Figure 5-16. Moment-rebar strain diagram.

As for beams designed for ductile failure, in the case of beams designed for
brittle failure, it is also possible to observe in Table 5-2 an earlier cracking for the
mixed recycled aggregate beam (C30-100-B) when compared to the reference beam

(C30-00-B). For the beam with 100% mixed recycled aggregate C30-100-B, the
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cracking moment (Mc;) was reduced by 15% compared to the reference beam C30-
00-B.

Regarding bending moments related to the maximum deflection under
serviceability conditions (Mis0) and ultimate moments (Mur), reductions of 18%
and 11% are observed, respectively, between the 100% mixed recycled aggregate
beam (C30-100-B) and the reference beam (C30-00-B) (Table 5-2).

Figure 5-17 presents the load-deflection relationship along the beams C30-
00-B and C30-100-B at different loading stages. The three LVDTs on the beam's
bottom face measured the deflection levels. For all beams, constant load values of
10kN, 20kN, and 30kN were analyzed, as well as the load equivalent to the
respective ultimate load. Even at lower loading stages, it is possible to observe that
the beam made with 100% of mixed recycled aggregate presents higher deflections

than the reference beam.
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Figure 5-17. Load-deflection relationship along the beams C30-00-B and C30-100-B at different
load stages.

These more accentuated differences in bending moments and deflections
found between the beams C30-00-B and C30-100-B can be explained by the fact
that these beams are over-reinforced, i.e., they were designed to present a brittle
failure, characterized by the crushing of concrete before the rebar yields. Since
concrete produced with 100% mixed recycled aggregate has lower compressive
strength, lower modulus of elasticity, and lower tensile strength, it is natural that
beams produced with this concrete and over-reinforced (i.e., designed for brittle

failure) present lower bending moments and higher deflections when compared to
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the beam produced with conventional concrete. Thus, it can be said that in the case
of the beams designed for brittle failure, since the concrete governs flexural
behavior, the replacement of the natural aggregate by the mixed recycled aggregate
causes a greater impact.

Also, when comparing beams produced with the same type of concrete (same
concrete strength class and same content of mixed recycled aggregate), the ultimate
moment (Mur) increases considerably as the reinforcement ratio increases. The
ultimate moment of beam C30-00-B is 147% higher than beam C30-00-D. Between
beams with 100% mixed recycled aggregate, there was an increase of 129% for the
ultimate moment of beam C30-100-B compared to beam C30-100-D. Likewise,
when comparing beams produced with the same type of concrete, there is a large
reduction in ultimate deflection (du) as the reinforcement ratio increases. Beam
C30-00-B presents an ultimate deflection 69% lower than beam C30-00-D, while
beam C30-100-B presents an ultimate deflection 45% lower than beam C30-100-
D.

On the other hand, for the same type of concrete, using a higher reinforcement
ratio leads to scarce differences in deflection at serviceability. Considering 50% of
the ultimate load, the deflection of beams designed for brittle failure is less than
20% lower than beams designed for ductile failure. Thus, in agreement with
Ignjatovic et at. [63], the results show that the analysis of deflections at
serviceability in a concrete beam cannot be related only to material properties (i.e.,
modulus of elasticity) in a straightforward manner. For a more accurate analysis,
other factors should be considered, such as the reinforcement ratio and the
combined effect of the different elements that can influence the concrete deflections
(reinforcement ratio, concrete cover, modulus of elasticity of concrete, and modulus
of elasticity of reinforcement steel).

The most significant difference between beams C30-00-B and C30-100-D
was the scale of concrete damage at failure. With the increase in the content of
mixed recycled aggregate, the failure surface's size and the concrete destruction
level increased (Figure 5-18). The explanation is found in mixed recycled
aggregate concrete's much more complicated microscopic structure than
conventional concrete. Considering only the cementitious fraction of the mixed
recycled aggregate, as explained in Section 2.4.2.1, there is an old ITZ between the

natural aggregate and the old adhered mortar, which is very porous and has pre-
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existing cracks. Also, the ceramic fragments of the mixed recycled aggregate have
lower strength than the natural aggregate present in conventional concrete. These
characteristics probably cause higher concrete destruction of the mixed recycled
aggregate concrete beam at failure than the beam made with only natural

aggregates.

b P

& : _
Figure 5-18. Beams C30-00-B and C30-100-B at failure.

As mentioned in Section 5.2, the Digital Image Correlation (DIC) technique
was also used to understand the beams’ crack evolution during the four-point
bending test. Figure 5-19 to Figure 5-24 show the crack pattern of beams at two
different loading levels: at 50% of the ultimate moment and ultimate moment,

respectively.
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Figure 5-19. Crack distribution at the beams C30-xx-D at 50% of the ultimate moment.
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Figure 5-20. Crack distribution at the beams C30-xx-D at the ultimate moment.
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Figure 5-22. Crack distribution at the beams C50-xx-D at the ultimate moment.
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C30-00-B
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Figure 5-23. Crack distribution at the beams C30-xx-B at 50% of the ultimate moment.
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Figure 5-24. Crack distribution at the beams C30-xx-B at the ultimate moment.
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The crack development of all concrete beams began with the appearance of
flexural cracks at the middle section. For beams designed for ductile failure (C30-
00-D, C30-20-D-, C30-50-D, C30-100-D, C50-00-D, and C50-100-D), cracks grew
vertically until the beams failed. Meanwhile, for beams designed for brittle failure
(C30-00-B and C30-100-B), cracks grow only half of the beam height in the final
loading stage. At the ultimate moment, the concrete failure is observed.

In addition, for the same load application, the number of cracks does not vary
substantially as the content of mixed recycled aggregate increases. Thus, in general,
through visual analysis, it is possible to say that the development of cracking is not
significantly affected by the replacement of natural aggregate by mixed recycled
aggregate.

Figure 5-25 presents the moment-average crack opening diagram until the
ultimate moment, while Figure 5-26 shows a magnification of this same diagram

to allow a better observation of the crack opening of each beam.
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Figure 5-25. Moment-average crack opening diagram until the ultimate moment.
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Figure 5-26. Magnification of moment-average crack opening diagram.

When the beams are over-reinforced (group B), the average crack opening
practically does not vary with the increased content of mixed recycled aggregate.
In addition, the over-reinforced beams (group C30-B) present smaller crack
openings than those with the same concrete strength class and a lower
reinforcement ratio (group C30-D). Because of their higher reinforcement ratio, the
over-reinforced beams (group C30-B) have a higher strength on their face subjected
to tensile, consequently less deflection, and thus smaller crack openings.

The variation in the crack openings with increasing content of mixed recycled
aggregate is remarkable for the beams designed for ductile failure (groups C30-D
and C50-D). As the content of mixed recycled aggregate increases, crack opening
also increases. Cement-based recycled aggregates have a layer of residual mortar
adhered to the original aggregate, which is usually a weak interface in the recycled
aggregate composition, constituting an easier path for crack propagation. Thus, the
crack tends to break the aggregate instead of going around the aggregate. In the case
of mixed recycled aggregates, there are also ceramic fragments, which are more

fragile and break as the cracks open. This may lead to a reduction in the contribution
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of the aggregate interlock, which essentially depends on the points of contact
between the faces of the crack [279].

In addition, the increase in the crack opening is more substantial for beams
C30. Concrete C50 (even when made with 100% mixed recycled aggregate) has
greater tensile splitting strength, greater modulus of elasticity, and greater stiffness
than concrete C30. Therefore, the beams C50 present smaller crack openings than
the beams C30.

Another characteristic that may affect the crack opening in beams produced
with mixed recycled aggregate is the bond strength between the concrete and the
reinforcement steel. The knowledge of bond strength is also essential to determine
the necessary anchorage length when designing reinforced concrete structures.
When bond strength decreases, anchorage length must be increased to the same
extent, and vice versa.

Figure 5-27 shows the bond stress-slip diagram for concretes C30-00, C30-
20, C30-50, C30-100, C50-00, and C50-100. The general shape of the bond stress-
slip diagrams is similar, regardless of the concrete strength class and the mixed
recycled aggregate content. At first, a linear behavior is observed, and a perfect
bond between the rebar and the concrete can be assumed. The slip rate increases as
the load increases, and the curve becomes distinctly nonlinear until it reaches the
ultimate bond stress load. At the descending stage, the load declines rapidly, and
the slip increases. In this study, as previously explained, the tests were stopped

when the MTS displacement reached 10mm.
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Figure 5-27. Bond strength-slip diagram for concretes a) C30 and b) C50.
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Table 5-3 shows the experimental maximum bond strength (thmax) and

residual bonding stress (tr) and their respective slips for concretes C30 and C50.

Table 5-3. Maximum (Tb.max) and residual bond strength (t¢) for concrete C30 and C50.

C30-00 C30-20 C30-50 C30-100 C50-00 C50-100
Tb,max (MPa) 13.23 13.55 13.80 13.76 14.53 13.57
Tf (MPa) 4.10 4.01 2.73 1.51 4.15 421

It can be seen that the maximum bond strength (th,max) between the concrete
and the rebar is hardly affected by the replacement of natural aggregate by mixed
recycled aggregate in the concrete, regardless of the concrete strength class.

In addition, all concretes presented a residual plateau, referring to residual
bonding stress (tr). For concrete strength class C30, it is possible to observe a
reduction in the residual bonding stress (tr) as the content of mixed recycled
aggregate increases. Since the residual bonding stress is provided by the friction
between the steel rebar and the surrounding concrete, the use of mixed recycled
aggregate may cause an impact on the friction between the concrete and the rebar.

For concretes with a higher strength class (C50), this impact in the residual
bonding stress (tr) is not observed. As seen in Chapter 4, the concretes C50 include
mineral additives in their mix design, such as fly ash and silica, which are finer than
Portland cement and generate other hydration products. The positive effects of
using these materials, such as reduced porosity and increased strength of the
concrete matrix, may somehow outweigh the negative effect of using mixed

recycled aggregate.

5.3.1. Comparative Analysis with the Brazilian Design Code

Although the structural application of concrete with recycled aggregate is
practiced in some countries, as observed in Table 2-4, the international standards
only establish prerequisites on the physical properties of recycled aggregates and
criteria to produce these concretes, such as maximum percentage of replacement of
natural aggregate by recycled aggregate and range of compressive strength values.
Once these requirements are met, the design of concrete elements made with mixed
recycled aggregate is carried out following the prescriptions established for
conventional concrete elements. Thus, to investigate the applicability of the

Brazilian standard ABNT NBR 6118:2014 [71] to beams made with mixed recycled
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aggregate, the experimental results from the current study were compared to the
theoretical equations.

Aiming to corroborate the experimental tests, an analytical model for the
bending capacity of reinforced concrete beams was used to predict the moment-
curvature by an iterative calculation using the software Maple. This model
considers the following hypotheses: i) Bernoulli’s principle for plane sections; ii)
the concrete and reinforcement acting together, i.e., perfect adhesion between
concrete and reinforcement; iii) the concrete and reinforcement stress can be
calculated by the stress-strain curves.

The behavior of the concrete was described according to the Brazilian
standard ABNT NBR 6118:2014 [71] (Eq. 5-2 and Eq. 5-3), which considers the
nonlinear behavior of the material:

2
aczfc[l—( —i)] for 0 < ge < 2%o Eq. 5-2

Ec2

o, = f¢ for 2%o < €. < 3.5%o0 Eq. 5-3

For each beam, depending on the concrete (C30 or C50), the values obtained
experimentally for modulus of elasticity, compressive strength, and tensile strength
were used, as shown in Chapter 4.

For the steel rebars, an elastic-linear behavior was assumed until their
ultimate strength. The ultimate strength was considered as 500 MPa and the
modulus of elasticity was equal to 210 GPa.

Figure 5-28 presents a diagram for the reinforced concrete's stress-strain
relationship based on the forces' equilibrium. For each curvature, the equilibrium

of forces creates a moment.
b

E
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Cross sechon Strain distnbution Stress distribution Intermal forces
Figure 5-28. Scheme based on the equilibrium of internal strain and stress for the reinforced

concrete.
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The forces and moments equilibrium were used to determine the neutral line
position up to the ultimate strain limit of the materials. The force interactions were
determinate by the stress-strain diagram integrating. The analytical model of the

section was calculated by the following Eq. 5-4 and Eq. 5-5:

YF=0: — [[ o.bd,] + 0,45 = 0 Eq. 5-4

>M=0: — [[ oc.bxd,] + 0,Ag(h—d) =0 Eq. 5-5

From the model interactions, the moment-curvature vectors were determined
for each position of the neutral line, and then the analytical curves were predicted.

For purposes of comparison with the theoretical results, the experimental
moment-curvature diagrams were also defined. The experimental curvatures were
calculated using the average of the strains recorded by the gauges placed at the
midspan of each one of the longitudinal reinforcement bars and assuming the
Bernoulli-Euler hypothesis, which admits a linear strain distribution over the cross-
section.

Figure 5-29, Figure 5-30, and Figure 5-31 show the experimental and
theoretical moment-curvature diagrams for each group of beams (C30-xx-D, C50-
xx-D, and C30-xx-B, respectively).

During the initial load application (linear elastic behavior), both theoretical
and experimental curves presented similar stiffness for all concrete beams.
However, after the concrete cracking, the theoretical curves presented a sudden
drop that did not appear in the experimental curves. This occurs because, in the
theoretical model, there is an abrupt transition from one stage to another, while this
transition occurs gradually with the appearance of several cracks along the beam.
Nevertheless, theoretical and experimental moment-curvature diagrams exhibit
similar behavior during the yielding growth curve.

Lastly, for beams C30-xx-D and C50-xx-D, both theoretical and experimental
moment-curvature diagrams present a similar trend for the horizontal yield plateau.
This does not occur for the C30-xx-B group of beams since their failure occurs due

to concrete compression before the steel yielding.



PUC-Rio - Certificagdo Digital N° 1812817/CA

153

C30-xx-D

8 T T T T | T I I I !
fls = -
6 -
= | -
-5 | -

=

E’ = -
4 =
o L 4 - — - C30-00-D-exp
E sl —— C30-00-D-theor _|

= ) - = = C30-20-D-exp
- ——— (30-20-D-theor |
2 - f-’ - — - C30-50-D-exp
5 ]'f ——— C30-50-D-theor |
1k U/ -~ = - C30-100-D-exp _

o £30-100-D-theor
0 i 1 | 1 1 1 l 1 | 1

0 003 006 009 012 015
Curvature (1/m)

Figure 5-29. Theoretical and experimental moment-curvature diagrams for C30-xx-D beams.
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Figure 5-30. Theoretical and experimental moment-curvature diagrams for C50-xx-D beams.
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Figure 5-31. Theoretical and experimental moment-curvature diagrams for C30-xx-B beams.

For the two groups of beams made with concrete of strength class C30
(designed for ductile or brittle flexural failure) — C30-xx-D and C30-xx-B —, it is
also possible to observe that the theoretical results are more conservative than the
experimental results, showing that the formulation of the Brazilian standard ABNT
NBR 6118:2014 [71] is in favor of safety. As for the beam made with concrete of
strength class C50, the moments obtained experimentally are slightly lower during
the yielding growth curve than the theoretical results. This indicates that, when
designing beams with higher-strength concrete containing mixed recycled
aggregate, more attention should be paid to strength requirements for flexural
design.

The theoretical cracking moment for each group of beams (C30-xx-D, C50-
xx-D, and C30-xx-B) was also calculated based on the formulations of the Brazilian
standard ABNT NBR 6118:2014 [71] (Eq. 5-6):

M, = etle Eq. 5-6
Ve
Where:

M is the cracking moment (kN.cm);
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a is equal to 1.5 for a rectangular section;

fe 1s the direct tensile strength of the concrete, according to item 8.2.5 of the
ABNT NBR 6118:2014 [71] (kN/cm?);

L. is the moment of inertia of the concrete section (cm*);

yt 1s the distance from the center of gravity of the section to the most stressed

fiber (cm). For a rectangular section, y: is equal to half the height of the beam.

The theoretical crack opening was also calculated according to Section
17.3.3.2 of the Brazilian standard ABNT NBR 6118:2014 [71]. The characteristic
crack opening (wx) is the smaller value between those obtained by the following

two equations (Eq. 5-7 and Eq. 5-8):

bi |, Isi, 39

= Eq. 5-7
K7 12501 Es fom 1
we =22t (4 45) Eq.5-8
12,5-n1 Eg Pcri

Where:

Acri is the area of the boundary region protected by bar ¢; (cm?);

¢; is the diameter of the bar (cm);

Esi is the modulus of elasticity of the steel rebar with diameter ¢i (kN/cm?);
pri 1s the reinforcement ratio concerning Acri;

osi 1s the tensile stress at the center of gravity of the considered steel
reinforcement, calculated in stage II (kN/cm?);

fec s the direct tensile strength of the concrete, according to Section 8.2.5 of
the ABNT NBR 6118:2014 [71];

N1 is 2.25 for ribbed steel bars, according to Section 9.3.2.1 of the ABNT
NBR 6118:2014 [71].

Knowing these theoretical values, it was possible to calculate the
“experimental value/theoretical value” ratios to assess the approximation degree of
Brazilian standard code expressions regarding the cracking moment and the crack

opening (Table 5-4).
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Table 5-4. Correlation between the experimental and the theoretical values of the cracking
moment and crack opening.

Beam Mecr,exp / Mer,ABNT Wexp / WABNT
C30-00-D 1.50 1.12
C30-20-D 1.31 1.61
C30-50-D 1.32 1.15

C30-100-D 1.31 0.68
C50-00-D 1.37 0.73
C50-100-D 1.63 0.63
C30-00-B 1.74 223
C30-100-B 1.58 1.31

Regarding cracking moment and based on the results obtained with the
experimental data available in this study, it is possible to observe that the ratios
between experimental and theoretical results are always greater than 1, indicating
that the formulation of the Brazilian standard ABNT NBR 6118:2014 [71] is in
favor of safety even when high levels of mixed recycled aggregate are used. In
addition, it is also possible to observe a certain tendency in the ratios obtained for
the different beams. Thus, this means that the cracking moment of mixed recycled
concrete beams can be calculated using the above-mentioned Brazilian standard
without any modification to the presented equation.

On the other hand, regarding the crack opening, there is no clear tendency in
the ratios obtained for the different beams. In some cases, the ratio between
experimental and theoretical values is less than 1, showing that the crack opening
was greater than predicted. Thus, given the results of this research, it can be said
that it is necessary to adjust the expressions of the Brazilian standard ABNT NBR
6118:2014 [71] for the calculation of crack opening of beams made with mixed
recycled aggregate. This adjustment in the equation should probably be made
considering the recycled aggregate content and also an aspect related to its strength,
such as the aggregate crushing value.

Although the experimental data on crack opening available in this research
are not sufficient to establish a proposal to correct the equation, at this moment, in
the case of beams produced with mixed recycled aggregate, it is recommended that
its use in areas with potentially aggressive environments must be carefully
evaluated, since the behavior of these elements in terms of the crack opening is not

clear.
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5.4.Conclusions

This chapter analyzed the flexural behavior of reinforced concrete beams
made with mixed recycled aggregate. The short beams were made with different
concrete strength classes, reinforcement ratios, and mixed recycled aggregate
content (0%, 20%, 50%, and 100%). The experimental results and discussion lead
to the following conclusions:
¢ When the beams are designed for ductile failure (reinforcement yields before

concrete failure), the moment-deflection diagrams show the same trend for the
same concrete strength class, regardless of the content of mixed recycled
aggregate. The initial uncracked stiffness of the beams was not affected by the
content of mixed recycled aggregate in the concrete;

e However, the lower tensile strength of mixed recycled aggregate concretes leads
to an earlier cracking for mixed recycled aggregate beams than the reference
beam. This situation can be observed equally for beams designed for ductile or
brittle failure;

e Beams made with concrete strength class C50 take longer to crack when
compared to beams made with concrete C30. This is consistent with the higher
tensile strength of concretes C50. Additionally, the cracking moment variation
between the reference beam and 100% mixed recycled aggregate beam is smaller
for concrete with strength class C50 when compared to concrete C30. Thus,
regarding the cracking moment, the higher the strength class of concrete, the
lower the impact of replacing natural aggregate with mixed recycled aggregate;

e When beams are designed for ductile failure (reinforcement yields before
concrete failure), the replacement of the natural aggregate by the mixed recycled
aggregate does not negatively impact the bending moment for maximum
deflection under the serviceability conditions of the beams, regardless of the
content of mixed recycled aggregate and concrete strength class. Also, no
relevant difference in ductility (Su/Oyier) Was found between beams up to 50%
mixed recycled aggregate and concrete strength class C30;

¢ Linear strain distribution over the height of the cross-section proves that the
Bernoulli hypothesis is valid for beams made with mixed recycled aggregate,
regardless of the replacement ratio of mixed recycled aggregate. Regardless of

the concrete strength class, the depth of the compression zone increases as the
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content of mixed recycled aggregate increases, which can be attributed to the
lower modulus of elasticity of mixed recycled concrete, which leads to greater
deformations at the compression zone;

When the beams are designed for brittle failure (crushing of concrete before the
rebar yields), the beam produced with 100% of mixed recycled aggregate
presented lower bending moments and higher ultimate deflections compared to
the beam produced with conventional concrete. In these cases, the bending
behavior is governed by the concrete and, therefore, the replacement of the
natural aggregate by the mixed recycled aggregate causes a greater impact;

For beams produced with the same type of concrete (same strength class and
same content of mixed recycled aggregate), as the reinforcement ratio increases,
there is a considerable increase in the ultimate moment and a decrease in ultimate
deflection;

Regarding service deflections, no substantial difference was observed for beams
made with mixed recycled aggregate concrete compared to conventional
concrete beams, regardless of the concrete strength class. Furthermore, for the
same type of concrete, using high amounts of reinforcement steel also leads to
scarce differences in service deflections. Thus, the analysis of deflections at
serviceability in a concrete beam cannot be directly related to material properties
(i.e., modulus of elasticity) straightforwardly;

For over-reinforced concrete beams, the size of the failure surface and the level
of concrete destruction at failure were substantially affected by the amount of
mixed recycled aggregate in the concrete. When the beam is produced with
100% mixed recycled aggregate concrete, the size of the failure surface and the
level of the concrete destruction increases, because of the highly porous old ITZ,
with pre-existing cracks;

Through visual analysis, it is possible to say that the development of cracking
was not significantly affected by the replacement of natural aggregate with

mixed recycled aggregate;

e When the beams are over-reinforced, the average crack opening practically does

not vary with the increased content of mixed recycled aggregate. In addition, the
over-reinforced beams present smaller crack openings than beams made with the

same concrete strength class and a lower reinforcement ratio. The higher
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reinforcement ratio causes a higher strength and less deflection on the beams’
face subjected to tensile, and thus smaller crack openings;

The variation in the crack openings with increasing content of mixed recycled
aggregate is remarkable for the beams designed for ductile failure: as the content
of mixed recycled aggregate increases, crack opening also increases. The layer
of residual mortar on cement-based recycled aggregates constitutes an easier
path for crack propagation. Also, the ceramic fragments of the mixed recycled
aggregates are more fragile and break as the cracks open. This may reduce the
contribution of the aggregate interlock, which essentially depends on the points
of contact between the faces of the crack;

In addition, this increase in the crack opening is more substantial for beams C30
because concrete C30 has smaller tensile splitting strength, smaller modulus of
elasticity, and smaller stiffness than concrete C50;

Regarding bond strength, the general shape of the bond stress-slip diagrams is
similar, regardless of the concrete strength class and mixed recycled aggregate
content. The maximum bond strength between the concrete and the rebar is
hardly affected by the content of mixed recycled aggregate in the concrete;

A residual plateau, referring to residual bonding stress, was also observed for all
concrete (C30 and C50). However, for concrete strength class C30, the residual
bonding stress reduced as the content of mixed recycled aggregate increased.
Thus, it can be said that for concrete strength class C30, the use of mixed
recycled aggregate may cause an impact on the friction between the concrete and
the rebar. This reduction was not notable for concrete strength class C50
probably because of the presence of mineral additives, which generate different
hydration products, reducing porosity and increasing concrete strength;

The cracking moment of mixed recycled concrete beams can be calculated using
the Brazilian standard ABNT NBR 6118:2014 [71] equation without any
modification. On the other hand, regarding the crack opening, no clear tendency
was observed in the ratios between experimental and theoretical values. Thus,
given the results of this research, it is necessary to adjust the expressions of the
aforementioned Brazilian standard to calculate the crack opening of beams made
with mixed recycled aggregate. This adjustment in the equation should probably
consider not only the content of mixed recycled aggregate but also some aspect

related to its strength, such as the aggregate crushing value;
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e For beams made with mixed recycled concrete of strength class C30, the
theoretical results of moment-curvature based on the Brazilian standard ABNT
NBR 6118:2014 [71] are more conservative than the experimental results.
However, more attention should be paid to flexural design strength requirements
when designing beams with higher-strength mixed recycled aggregate concrete.

Considering the experimental data available in this research, comparing load-
deflection behavior, crack pattern, and bond strength of reference beams and beams

made with concrete with up to 100% of mixed recycled aggregate with up to 15%

of ceramic fragments, the flexural behavior of mixed recycled aggregate beams is

satisfactory. Special attention should be given to the use of beams made with mixed
recycled aggregate concrete in potentially aggressive environments since the

behavior of these elements in terms of the crack opening is unclear.
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6. General Conclusions

Recycling construction and demolition waste (CDW) to generate recycled
aggregate is challenging due to the heterogeneity of the waste material. CDW
comprises various materials, such as concrete, ceramic fragments, metals, plastics,
and wood, which often require different recycling processes. The recycled
aggregate’s quality can vary depending on the waste material's origin and
composition, affecting the resulting concrete's mechanical properties and durability.

International standards limit the use of recycled aggregate in structural
concrete depending on the desired concrete strength class and the characteristics of
the recycled aggregate. The Brazilian standard NBR 15116:2021 [47] limits
recycled aggregates in structural concrete to 20% recycled concrete aggregate,
regardless of strength class. In Brazil, any content of ceramic fragments makes the
use of recycled aggregate in structural concrete unfeasible. Thus, the difficulty in
recycling lies in the need to separate and classify each material before processing
it, which is a time-consuming and costly task.

Improving the recycling and reuse of CDW is crucial to reduce waste disposal
and conserving natural resources. To achieve this goal, it is necessary to promote
using recycled materials in the construction industry. A better comprehension of
the structural behavior of elements made with recycled aggregate with a certain
content of ceramic fragments, so-called mixed recycled aggregate, would make the
recycling process more feasible, decrease recycling costs, and increase market
demand for this material.

Thus, in the present work, three stages were developed. First, an investigation
was carried out on the physical and mechanical properties of recycled coarse
aggregates with different amounts of ceramic fragments, comparing them with a
natural coarse aggregate. Then, the mix design of different concretes was carried
out based on the principles of the Compressible Packing Model, using the software
Bétonlab Pro 3. The third and final step consisted of using different content of

mixed recycled aggregate on short reinforced concrete beams and analyzing its
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flexural behavior, in addition to analyzing the bond strength between the concrete
and the steel rebar based on the pull-out test.

By examining the experimental results available in the first stage of this study,
it was possible to observe that the four coarse aggregates (MRA, RCA, RMA, and
NAT) presented very similar grain-size distribution curves and pulverulent content
under the limit value established by the Brazilian standard ABNT NBR 15116:2021
[46]. Regarding the shape index, although the values do not vary much, as the
content of ceramic fragments increases, the recycled aggregates become more
flattened and elongated.

All three types of recycled aggregate studied were less dense, less resistant,
more porous, and absorbed more water than the natural aggregate. However, the
mixed recycled aggregate (with 13.2% ceramic fraction) presented similar results
to the recycled concrete aggregate. Lastly, as all four coarse aggregates presented
comparable values for shape index and the same maximum size, they all showed
similar values of void ratio and, consequently, similar packing density. Thus, from
the discussions presented in the first stage of this study, it was possible to conclude
that when the recycled aggregate has a ceramic fraction lower than 15%, its physical
and mechanical properties are not very different from those obtained for the
recycled concrete aggregate, composed only of cement-based fragments.

Regarding mix design, traditional methods are usually designed for the
conventional concrete strength class. However, with the development of civil
construction and structural engineering, sometimes special concretes are needed,
made up of several granular materials that interact. Thus, due to the complexity of
this material, mix design methods based on particle packing are becoming more
frequent since the particle size distribution of the aggregates affects the packing
density of the concrete, which is directly related to the concrete’s strength.
Therefore, modifying the concrete mix design formulation using the particle
packing technique can efficiently produce concretes with higher durability and
better mechanical performance with reduced cement consumption.

The experimental results of compressive strength presented in the second
stage of this study showed a high correlation (above 90%) with the theoretical
values predicted by the Compressible Packing Model (CPM) through the software
BétonLab Pro 3. Thus, based on the available data in this study, it can be said that
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the Compressible Packing Model can be successfully applied for the mix design of
concrete up to strength class C50 and made with mixed recycled aggregate.

It was also possible to observe that all concrete mixtures' compressive stress-
strain curves presented a similar behavior, regardless of the amount of mixed
recycled aggregate. Furthermore, even replacing 100% of the natural aggregate
with mixed recycled aggregate did not cause a significant impact on the concrete
workability, compressive strength, and tensile strength.

Regarding the formulation proposed by the Brazilian standard ABNT NBR
6118:2014 [54] to predict the tensile strength of concrete, the available data in this
study showed that there is no need to make any adjustments to predict the tensile
strength for concretes made with mixed recycled aggregate with a ceramic fraction
up to 15%. Regarding the modulus of elasticity, a theoretical formulation was
proposed to correlate the modulus of elasticity with the compressive strength and
the mixed recycled aggregate content in concrete, thus adapting the existing
formulation in the Brazilian standard ABNT NBR 6118:2014 [54], which consider
only concrete manufactured with natural aggregates of different types.

When analyzing the flexural behavior of reinforced concrete beams made
with mixed recycled aggregate, it was possible to observe that when the beams are
designed for ductile failure (reinforcement yields before concrete failure), the
moment-deflection diagrams trend are very similar, regardless of the content of
mixed recycled aggregate. Also, the replacement of the natural aggregate by the
mixed recycled aggregate does not negatively impact the bending moment for
maximum deflection under the serviceability conditions of the beams.

When the beams are designed for brittle failure (crushing of concrete before
the rebar yields), as the concrete governs bending behavior, the replacement of the
natural aggregate by the mixed recycled aggregate causes a greater impact. For
these over-reinforced concrete beams, the size of the failure surface and the level
of concrete destruction at failure were substantially affected by the amount of mixed
recycled aggregate in the concrete, because of the highly porous old ITZ, with pre-
existing cracks.

Regarding cracking, the lower tensile strength of mixed recycled aggregate
concretes leads to an earlier cracking for mixed recycled aggregate beams.

However, through visual analysis, based on the available data in this study, it is
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possible to declare that the development of cracking was not significantly affected
by replacing natural aggregate with mixed recycled aggregate.

Using the DIC technic, the crack openings were calculated. It was noticed that
as the content of mixed recycled aggregate increases, crack opening also increases.
The layer of residual mortar can explain this on cement-based recycled aggregates,
which constitutes an easier path for crack propagation. Also, the ceramic fragments
of the mixed recycled aggregates are more fragile and break as the cracks open,
reducing the contribution of the aggregate interlock.

Regarding bond strength, the general shape of the bond stress-slip diagrams
was similar, regardless of the concrete strength class and mixed recycled aggregate
content. The maximum bond strength between the concrete and the rebar was hardly
affected by the content of mixed recycled aggregate in the concrete. However, for
concrete strength class C30, the residual bonding stress (i.e., friction between the
concrete and the rebar) reduced as the content of mixed recycled aggregate
increased. This reduction was not notable for concrete strength class C50, probably
because the mineral additives generate different hydration products, reducing
porosity and increasing concrete strength.

Based on the available data in this study, it was observed that the Brazilian
standard ABNT NBR 6118:2014 [54] could be used to forecast the cracking
moment of beams made with mixed recycled aggregate concrete with up to 15% of
ceramic fragments. On the other hand, regarding the crack opening, given the
results of this research, it is necessary to adjust the expressions of the
aforementioned Brazilian standard. This adjustment should probably consider the
content of mixed recycled aggregate and some aspect related to its strength, such as
the aggregate crushing value.

As a final remark, the prescriptions for bending behavior of the Brazilian
standard ABNT NBR 6118:2014 [54] were reasonably close to the experimental
results obtained in this research for beams made with concrete of strength class C30.
This indicates that the existing analytical model for conventional reinforced
concrete beams can also be applied to beams made with mixed recycled aggregate
concrete with up to 15% of ceramic fragments. However, more attention should be
paid to flexural design strength requirements when designing beams with higher-
strength mixed recycled aggregate concrete. It is also necessary to have special

attention when using beams made with mixed recycled aggregate concrete in
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potentially aggressive environments since the behavior of these elements in terms
of the crack opening is unclear.

Ultimately, a conclusion from the available data in this study is that mixed
recycled aggregate (with up to 15% of ceramic fragments) may be suitable to
produce quality concrete to be used by the construction sector in structural
concretes, expanding the possibilities of using this material and, consequently,

collaborating to reduce the environmental impact caused by the construction sector.
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7. Suggestions for Future Research

Further research is certainly needed to develop a wide database that will allow
researchers to state the design procedure of mixed recycled concrete beams with
the same reliability as conventional ones. Thus, to complement the conclusions

obtained in this study, it is suggested:

e Evaluate the physical and mechanical behavior of mixed recycled aggregates
with up to 30% ceramic fragments and their impact on structural elements;

e Evaluate the flexural performance of beams made with mixed recycled aggregate
with a higher length (for example, above 3 m);

e Examine the behavior of beams made with mixed recycled aggregate when
subjected to shear;

e Determine expressions for predicting the crack opening in mixed recycled
aggregate concrete beams, evaluating not only the replacement content of the
aggregate but also some aspect related to its strength, such as the aggregate
crushing value;

e Investigate the applicability of international standards, such as ACI and
Eurocode, to beams made with mixed recycled aggregate, comparing the

experimental results to the theoretical formulations.
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8. Published Articles

The following articles were published based on the results of this doctoral

thesis:

“Recycled aggregates from construction and demolition waste towards an
application on structural concrete: a review.”

Article published on April 1%, 2022

Journal of Building Engineering, vol. 52, p.104452 -
https://doi.org/10.1016/j.jobe.2022.104452

“Properties of recycled aggregates from different composition and its
influence on concrete strength”

Article published on July 5, 2021

Rev. IBRACON Estrut. Mater., vol. 14, no. 6, e14605, 2021
https://doi.org/10.1590/S1983-41952021000600005
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Annex A — BétonLab Pro 3 - Database

A.1. Natural Coarse Aggregate (NAT)

General  Proprerties | 5k;e|'elnn| Fraction 1 ] Fraction 2| Fraction 3|
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Confinement | Cylinder ﬂ
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Figure A-0-1. Database creation on Bétonlab Pro 3 for natural coarse aggregate.

A.2. Natural Fine Aggregate
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Density (kg/m3) 2656

‘w'ater absosption (%] 4,38

General] Prnprerties] Skeleton  Fraction 1 lFraction 2]

Fraction |1 i ! |1,12 mm
Without admixture

Experimental packing denzity  |0.536

Facking index |

Confinement | Cylinder ﬂ
Enter the dimenzions of the @ j240
cylinder in mm H [za0

Figure A-0-2. Database creation on Bétonlab Pro 3 for natural fine aggregate (sand).
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A.3. Natural Fine Aggregate — Fraction S1 - 150 ym < ® < 0.85 mm

f;: Properties of gravel

General Proprerties ] Skeletnn] Fraction 1 ]

Save
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Wwhater abzorption (%) 449
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cylinder in mm H [125

Figure A-0-3. Database creation on Bétonlab Pro 3 for natural fine aggregate (sand) - fraction S1 -
150 pm < @ < 0.85 mm.

A.4. Natural Fine Aggregate — Fraction S2 - 0.85 mm < ® <4.75 mm

&; Properties of sand
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Figure A-0-4. Database creation on Bétonlab Pro 3 for natural fine aggregate (sand) - fraction S2 -
0.85 mm < @ <4.75 mm.
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A.5. Portand cement CP-lI-F32

¥
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Figure A-0-5. Database creation on Bétonlab Pro 3 for cement CPII-F32.
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A.6. Silica Fume

3% Silica fume properties

General  Propresties | Skeleton | Fraction 1 |

Pozaolaric coefficient
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Figure A-6. Database creation on Bétonlab Pro 3 for Silica Fume.
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A.7. Fly Ash

ﬁ Properties of fly ash
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Figure A-7. Database creation on Bétonlab Pro 3 for Fly Ash.
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A.8. Silica 325

i Properties of sand

General Propresties | Sheletan | Fraction 1 |
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Bond cosl p 1.15
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Figure A-8. Database creation on Bétonlab Pro 3 for Silica 325.
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A.9. Superplasticizer

ﬂ Superplasticizer properiies >
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Sane [
Mame [Master Glanium 51 Cencel
Date |[E.-'1T-"2[E1 14015
Comments

Cost [E weovkg]
Solid cartent (%) E
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Figure A-9. Database creation on Bétonlab Pro 3 for superplasticizer Master Glenium 51.
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Annex B — BétonLab Pro 3 - Calibration of parameters
“p” and “q”
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Figure B-0-1. Calibration of “p” and “q” parameters for the natural coarse aggregate (NAT).
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Figure B-0-2. Calibration of “p” and “q” parémeters for natural fine aggregate.
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Annex C — BétonLab Pro 3 - Mix Proportions

Comciets n® 1
G g/ 8727
G2 [kg/m3) 216
21 [kg/md 7281
C1 flg/m3) 30
[SP1 lkg/nd] 11
W I 2347
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G2 %) i2
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Packng ndex of confined concrele 11,376
Finees contribution K 2m
Coaree gravel conlibution K'gg 260
Packing of unconfined tkeleton B 0753
Aggregate packng g° 0.7273

Figure C-0-1. Mix proportions for concrete C30-20.
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| epgragate packing g 072

Figure C-0-2. Mix proportions for concrete C30-50.
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Concreda n®
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Packing index of uncordingd concrele 17 546
Packing index of confined conciele 17 546
Fireas: contribution KT 275
Coasze gravel coriibulion K'gg 2867
Packing of unconfined skeleton B* 0,758
| Aggregste packing o 06352

Figure C-0-3. Mix proportions for concrete C30-100.

Concrete n” 1
G1 [kg/m3) 4938
152 [kg/m3) 5299
51 [kg/m3) 996
C1 [kg/m3) 360
F&1 [kgdd3] 168
SF1 [kgdm3] il
SF2 [kg/m3] 45
5P [kg/m3) il
W [kgdm3) 27457
EARES] i
G2[%] ]
S10% 7
S aturation arnount [%) 237
Superplasticizer content %) 13
Eff water 180
fel [MPa) 4.5
fe2 [MPa) 137
fed [MPa) 176
feF [bFal 323
fe28 [MPa) 48,1
3l [MPa) 5l14
fe360 [MPa) 533
Segregation index [confined] 0.96E
Facking index of unconfined concrete 16,792
Packing index of confined concrete 16.792
Fines contribution K'f 14,353
Coarse gravel contribution K'gg 0.365
Packing of unconfined skeleton @* 0.7632
Aggregate packing g* 0,7039

Figure C-0-4. Mix proportions for the reference concrete C50-00.
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Concrete n' 1
51 [kg/m3] 488.7
G2 [ka/m3) 8299
51 [kg/m3) 996
C1 [kg/m3) 360
F&1 [kg/m3] 168
SF1 [kgdm3) il
SF2 [kg/m3] 45
5P [kgim3) 75
W [kgdm3) 28117
ERRE| i
G2[%] ]
51 (%) 7
Saturation amount (%] 2.37
Superplasticizer content (%) 14
Eff water 180
fel [MPa) a3
fe2 [MP'a] 131
fed [MPa) 171
fe7 [Fa] et |
fe28 [MPa) 35,94
tell [MPa) a1
fe360 [MPa) 0.3
Segregation index [confined) 0935
Facking index of unconfined concrete 53,371
FPacking index of confined concrete 53,371
Fines contribution K'f 15,136
Coarse gravel contribution K'gg 0592
Packing of unconfined skeleton B* 0.7226
Aggregate packing g* 06947

Figure C-0-5. Mix proportions for concrete C50-100.



