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ABSTRACT

This paper investigates how the use of construction and demolition waste can affect the durability and affect
the mechanical performance of concrete. tests such as compressive strength, tensile strength by diametral
compression and modulus of elasticity were performed. Regarding durability, tests such as water immersion,
void content and specific mass, water absorption by capillarity, electrical resistivity, the penetration depth of
chloride ions, accelerated carbonation and a test evaluating the synergic effect of carbon dioxide and chloride
ion penetration were performed. The coarse natural aggregate was replaced with coarse recycled aggregate in
concrete mixes at the following ratios: 30%, 50%, 70%, and 100%. The results indicate that the parameters of
the concrete produced with recycled aggregate, especially up to 50% replacement level, meet the concrete
quality requirements, regarding the mechanical properties and durability.

Keywords: Civil Construction Residue. Concrete. Electrical Resistivity. Chloride lons. Accelerated Car-
bonation.

RESUMO

Este documento investiga como o uso de residuos de construcdo e demoli¢do pode afetar a durabilidade e o
desempenho mecénico do concreto. Testes como resisténcia a compressdo, resisténcia a tragdo por compres-
sdo diametral e mddulo de elasticidade foram realizados. Em relagdo a durabilidade, foram realizados ensaios
como absorcao de agua por imerséo, indice de vazios e massa especifica, absorcdo de adgua por capilaridade,
resistividade elétrica, profundidade de penetracdo de ions cloreto, carbonatagdo acelerada e avaliagdo do efei-
to combinado da penetracdo de diéxido de carbono e ions cloreto. O agregado natural foi substituido pelo
agregado reciclado nas seguintes proporcées: 30%, 50%, 70% e 100%. Os resultados indicam que os concre-
tos produzidos com agregado reciclado, especialmente até 50% de substituicdo, atendem aos requisitos de
qualidade do concreto estrutural, no que diz respeito as propriedades mecénicas e durabilidade.

Palavras-chave: Residuos da Construgdo Civil. Concreto. Resistividade Elétrica. ions Cloreto. Carbonatagio
Acelerada.

1. INTRODUCTION

The economic development and the growing urbanization process has been causing serious damage to the
environment and jeopardizing sustainability. The consumption of natural materials grows proportional to
economic and population growth so that the demand for producing large volumes of materials requires a
large-scale extraction of raw materials. Exploitation of resources, particularly nonrenewable resources, by the
construction industry generates millions of tons of construction waste every year. These materials could and
should be reused in new constructions; however, countries that do not have waste management and pro-
cessing plans for such materials, direct them to landfills [38].
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The magnitude of the problem is such that for annual consumption of 37.5 billion tons of aggregates
[14] about 3 billion tons of construction wastes are generated [2]. According to data from the United States
Environmental Protection Agency (EPA), approximately 548 million tons of construction and demolition
waste are generated annually in the United States, about 830 million tons in the European Union, 200 million
tons of concrete waste in China, 29 million tons in Taiwan and Hong Kong, totaling 1593 million tons of
construction and demolition waste [44, 48, 49].

This large amount of waste impacts several sectors. Regarding environmental impacts, sustainability
issues are a major concern today, since a large amount of natural resources is needed to produce materials
such as concrete [25]. Recycling of waste has several potential advantages from the viewpoint of sustainabil-
ity [39], and the first and most visible of these environmental contributions would be the preservation of nat-
ural resources, replaced by waste, extending the useful lives of natural reserves and reducing the destruction
of the landscape, fauna, and flora [22]. Another issue that must be considered is CO, emissions and energy
consumption since the concrete industry, especially Portland cement, is known to contribute significantly to
environmental damage and CO, emissions [25].

From the economic viewpoint, in addition to the increasing transportation costs, the competitiveness
of the economy provided by the recycling of building materials should be considered [45] as well since it
may reduce the environmental protection costs by generating value from a product that was formerly an ex-
pense [22]. In a case study by Wijayasundata, Mendis and Crawford [48] using concrete with recycled aggre-
gate was considered financially feasible with positive aspects compared to the production of conventional
concrete due to decreasing costs of environmental protection and transportation of waste materials to the ap-
propriate locations.

Many countries that understood the magnitude of the problems associated with the large-scale use of
raw materials by the construction sector, have established policies and regulations to stimulate using recycled
aggregate for producing concrete, such as China, Hong Kong, Germany, Japan, Portugal, Spain, United
Kingdom, Australia, New Zealand, among others [2].

Unlike other countries, the Brazilian technical standards allow the use of recycled aggregate only in
non-structural concrete (NBR 15116:2004) even though several studies have shown that the requirements for
mechanical resistance are met satisfactorily [3, 19, 23, 27-29].

In recycled aggregate concrete, the loss in mechanical strength and modulus of elasticity can be at-
tributed, among other factors, to the presence of the mortar adhered to the recycled aggregate, resulting in
higher water absorption and lower specific mass. The interface transition zone between the new mortar and
the aggregate is characterized as a fragile zone due to the poorer quality of the attached mortar in the recycled
aggregates in comparison with that of the new mortar [3, 4]. Regarding durability, this material lower per-
formance may be associated with the inferior quality of construction and demolition waste, due to the pres-
ence of numerous cracks and pores observed in the aggregate, making it more permeable [30, 33, 43]. Never-
theless, the values obtained in the studies so far, show that partial replacement of the natural aggregate is pos-
sible, depending on the environment in which the material is inserted.

The compressive strength of concrete with recycled aggregate had been shown to decrease between
20% and 45% compared to conventional concrete, for the 25% and 100% replacement levels, respectively,
considering the same parameters (mixture procedure, curing conditions, resistance class) [36]. However, in
research that proposed a mixing method in which the cement and the recycled aggregate were added 20
minutes before the fine aggregate, coarse natural aggregate and superplasticizer, showed an improvement in
the compressive strength for older ages (91 days) [26].

Additionally, the modulus of elasticity of concrete produced with recycled aggregate has shown a de-
creasing trend compared to conventional concrete. However, there is a study in the literature stating that it is
possible to achieve a performance equivalent to conventional concrete simply by adjusting the w/c ratio [25],
a concept applied to concrete produced with both coarse and fine recycled aggregate [37]. There are indica-
tions that by employing the "new mixing method" consisting of a pretreatment of the recycled aggregate with
sodium silicate and active silica, the modulus of elasticity of concrete with 30% substitution of coarse recy-
cled aggregate would be similar to conventional concrete [10]. The modulus of elasticity has been reported to
decrease by approximately 40% for a 100% replacement rate of natural with coarse recycled aggregates [12],
but it must be emphasized that for coarse recycled aggregate from pre-molded concrete structures, this reduc-
tion is about 11% [40].

Among the factors influencing the mechanical properties of concrete with recycled aggregate is the
replacement content of the recycled aggregate [7, 15, 23, 32, 43]; changing the mixing procedures [10, 17, 42,
43]; type of recycled aggregate [3, 12, 36, 43, 50] , and, aggregate porosity [5].
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The study on the incorporation of alternative materials should not be limited to the determination of
their mechanical properties [16]. The concrete mixture performance also depends on the parameters related to
material durability [37]. Some studies have already identified that the concrete produced with recycled ag-
gregate can present a performance that meets the useful life specified in the projects [13, 38, 39, 46]. Several
tests can be used to estimate the durability of the concrete structures, such as the electrical resistivity test. It is
a non-destructive method that provides important data on the microstructure of cementitious materials, char-
acterizing the degree of difficulty for ion mobility in the concrete, which would be related to properties such
as permeability, pore diffusion, and connectivity, parameters related to durability [27].

In general, concretes with recycled aggregate have lower electrical resistance than conventional con-
cretes. Studies in the literature indicate a decrease in resistivity of about 15%, 34%, 38% and 50% for con-
cretes with the recycled aggregate replacement of 25%, 50%, 75%, and 100% respectively [49, 50] consider-
ing coarse aggregates replacement. Several factors affect concrete electrical resistivity and may be related to
concrete characteristics (w/c ratio, aggregate type and quantity, cement consumption, presence of mineral and
chemical additives, cement hydration degree) [1, 8, 29, 40], environmental characteristics (temperature, rela-
tive humidity) [34], and the action of aggressive agents (chloride ions, CO,, among others) [34]. Also, the
chloride penetration resistance of this material is lower than that of conventional concrete [40] since chloride
ion penetration increased as the percentage of recycled aggregate increased as well [30].

Concrete with coarse recycled aggregate at 50% and 100% replacement levels showed 44% and 215%
increase of chloride content [25], and about 16% and 39% increasing diffusion coefficients compared to the
reference concrete [31]. However, for both conventional and recycled aggregate concretes, up to 20% reduc-
tion of chloride diffusion coefficients was observed with advancing age, which can be attributed to the ce-
ment hydration process, which, consequently, reduces concrete pore volume [31].

In addition, the literature shows that using coarse recycled aggregate in concrete lowers the resistance
to the carbon dioxide action compared to reference concrete [16]. The increasing replacement percentage
with aggregate greatly affects the carbon dioxide diffusion in concretes while, in the literature, increases of
18%, 47%, 60%, and 73% have been reported for the 25%, 50%, 75% and 100% replacement percentages of
concretes produced with fine and coarse recycled aggregates [39].

The magnitude of the accelerated carbonation front depends on numerous factors related to the use of
the recycled aggregate, such as permeability [15], the recycled aggregate replacement rate [25, 32, 38, 39];
wic ratio [39]; different curing conditions [11]; type and origin of the recycled aggregate [18]; highlighting
the aggregate recycled from high-performance concrete, which tends to create a stronger link between the
matrix and the aggregate [31]; and the use of superplasticizers [9] that allow using less water in the mixture.

As concrete structures are subjected to several simultaneous degradation mechanisms that, through a
synergistic effect, accelerate the deterioration process, it is necessary to contemplate this action combined
with that of the aggressive agents. Thus, in this study, the combined action of carbon dioxide and chloride
ions on concrete was considered to achieve a better exposure simulation of concrete structures to deteriorat-
ing mechanisms.

In the literature, in terms of concrete with natural aggregate, the chloride concentrations increased by
33% at a depth near the reinforcement (20 mm) when submitted to the combined action of carbon dioxide
and chloride ions compared to the isolated effect of chloride ions. Also, chloride migration coefficient in-
creased from 0.83 x 10™ to 15.63 x 10 ms, after these same samples were submitted to the accelerated
carbonation test [47]. This chloride increase was caused by the synergistic action of carbon dioxide and chlo-
ride ions since carbonated concrete has a decreasing chloride binding capacity, which affects the chloride
flow. Besides that, the formation of microcracks, as a result of the concrete retraction process caused by car-
bonation, allows the chloride ions.

This work aims at evaluating the replacement of natural aggregate with recycled aggregate in con-
cretes and assess their suitability for structural purposes. To determine the technical feasibility, the influence
of the recycled aggregate on the concrete quality was evaluated via the mechanical properties (compressive
strength, tensile strength, modulus of elasticity) and durability related properties (water absorption by immer-
sion, water content by capillarity, electrical resistivity, the penetration depth of chloride ions, depth of car-
bonation). It is noteworthy that in terms of durability, both the isolated action of chloride ions and carbon
dioxide and the joint action of these aggressive agents on the concrete were evaluated, which would be a first
step in understanding their implications to the service life of reinforced concrete structures.
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2.1 Portland Cement

Table 1 shows the used CP Il - F 40 Portland cement (Type Il in ASTM C150), with the physical and chemi-
cal parameters obtained via an X-ray fluorescence test.

Table 1: Physical and chemical parameters of Portland cement.

PARAMETERS VALUES
Specific mass (NBR NM 23:2001) 2.99 g/cm?®
Fineness index (NBR 11579:2012) 0.84%
Normal consistency paste (NBR NM 65:2003) a/lc =0.40
Initial set (NBR NM 43:2002) 1:20 h
Final set (NBR NM 43:2002) 2:10h
Compressive strength (MPa) (NBR 3 days 31.6
5739:2011) 7 days 40.6
28 days 48.5
CaO 76.12 %
SiO, 9.10 %
Fe20; 4.09 %
SO; 2.73 %
Al,O; 2.45 %
MgO 2.34 %
K,0 1.90 %
TiO, 0.49 %
SrO 0.48 %
MnO 0.06 %

2.2 Natural fine aggregate
The used natural aggregate was quartz sand, with 4.75 mm maximum diameter and 2.27 fineness

modulus. The granulometric distribution curve is represented in Figure 1.

100
90
80
70
60
50
40
30
20
10

0
0.01

Acumulated retained percentage (%)

0.3

Opening (mm)

Figure 1: Granulometry of fine aggregate.

2.3 Natural coarse aggregate
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To obtain the maximum compactness between the coarse basaltic aggregates, the composition of natural ag-
gregates was determined as 70% with 19.0 mm maximum diameter (D) and fineness modulus of 6,69 and
30% with 12.5 mm D, and fineness modulus of 6,04. The grain distribution analysis (Figure 2) indicated a
fineness modulus of 6.45. The physical parameters of the natural coarse aggregates are shown in Table 2.
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Figure 2: Granulometry of the natural coarse aggregates.
Table 2: Physical properties of the coarse aggregates.
PARAMETERS OBTAINED VALUES
Specific mass of the dry aggregate (g/cm®) (NBR NM 53:2009) 2.79
Specific mass of the aggregate in the saturated dry surface condition (g/cm®) (NBR NM 53:2009) 2.80
Apparent specific mass (g/cm®) (NBR NM 53:2009) 2.82
Water absorption (%) (NBR NM 53:2009) 0.30
Unit mass of natural gravel composition (g/cm®) (NBR NM 45:2006) 1.44

2.4 Coarse recycled aggregate

The coarse fraction of the recycled aggregate was used as a partial and total replacement for the natural basal-
tic aggregate (0%, 30%, 50%, 70%, and 100%, by volume) in the concrete production. The natural aggregate
was replaced with the recycled aggregate according to the percentage retained in each sieve in the granulo-
metric distribution of the natural aggregate.

The recycled aggregates (Figure 3) were collected from a Recycling Plant in Brasilia / DF. The grain
distribution analysis of the materials indicated a Dy 0f 25.0 mm with fineness modulus of 7.03 (Figure 3a)
and Dy of 9.5 mm with fineness modulus of 4.74 (Figure 3b). The physical parameters of the recycled ag-
gregate is demonstrated at Table 3.

Figure 3: Recycled coarse aggregates a) Dy 0f 25.0 mm e b) Dy 0f 9.5 mm.
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Table 3: Physical parameters of the recycled aggregate.

MATERIAL PARAMETERS VALUES
Specific mass of the dry aggregate (g/cm®) (NBR NM 53:2009) 2.35
Specific mass of the aggregate in the saturated dry surface condition 5 49
Recycled gravel (g/cm®) (NBR NM 53:2009) '
Dmax = 25.0 mm Apparent specific mass (g/cm®) (NBR NM 53:2009) 2.72
Unit mass (kg/m°®) (NBR NM 45:2006) 1441.40
Water absorption (%) (NBR NM 53:2009) 5.85
Mass specific of the dry aggregate (g/cm®) (NBR NM 53:2009) 2.45
Specific mass of the aggregate in the saturated dry surface condition
RS’CYC'_eg 2’2’;' (g/em?) (NBR NM 53:2009) 255
max = Apparent specific mass (g/cm®) (NBR NM 53:2009) 2.78
Water absorption (%) (NBR NM 53:2009) 5.22
2.5 Additive

The dosing of the concretes used a superplasticizer additive based on modified polycarboxylic ether.

2.6 Concrete production

Five concrete samples were produced with different replacement rates: 0% (reference concrete, REF), 30%
(30RCC), 50% (50RCC), 70% (70RCC) and 100%, based on volume. The percentage replaced was defined
by the mass fraction retained in each sieve of the granulometric characterization test conducted to determine
the natural gravel composition. In the concrete dosage, the mortar content was 54% and the consistency used
for all samples was set at 100 £ 10 mm.

A superplasticizer additive was used to maintain the consistency at 100 £ 10 mm. To compensate the
water absorption of the recycled aggregate (NBR NM 53: 2003), additional water was considered, so that the
effective w/c ratio of samples containing the recycled aggregate was higher, as shown in Table 4.

The recycled aggregates were wetted for 20 minutes because this material absorbs more than 80% of
its absorption capacity during this interval. Water was added until the aggregate surface was totally covered
[17, 23, 27] Subsequently, all materials were added to a concrete mixer: natural aggregate, sand, cement,
remaining water, and superplasticizer additive. The concrete samples were kept in a humid chamber until the
tests were performed.

The wic ration was presented in two columns in order to show what would be the a/c ratio if we con-
sider the water absorption of the recycled aggregate (w/c effective ratio) and the a/c ratio used in the concrete
dosage (w/c ratio).

Table 4: Reference concrete (REF) and concrete with recycled aggregate (30RCC, 50RCC, 70RCC, and 100RCC).

CONCRETE COMPOSITION

Recycled SP w/c Specific | Cement con-

Recycled . wic . .

Trace aggregate | Cement | Sand aggregate Gravel | additive ratio effec_tlve mass3 sumptlgn

content (%) ratio (g/cm) (kg/m°)
REF 0% 1 2.24 -- 2.76 0.31 0.55 - 2.3881 364.6
30RCC 30% 1 2.24 0.76 1.93 0.17 0.55 0.59 2.3305 358.0
50RCC 50% 1 2.24 1.26 1.38 0.39 0.55 0.62 2.2779 350.4
70RCC 70% 1 2.24 1.77 0.83 0.21 0.55 0.65 2.3067 361.0
100RCC 100% 1 2.24 2.53 - 0.43 0.55 0.70 2.2436 355.0

3. METHODOLOGY

The performance tests were conducted in triplicate (10 x 20 cm cylindrical test specimens) for each age
group. The tests performed and the methods used are summarized at Table 5.
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Table 5: Summary of the tests performed and methods used.

TESTS METHODOLOGY AGE
Compressive strength NBR 5739:2007 . 14,(12:y:nd o
Mechanical and Tensile strength by diametrical compression NBR 7222:2011 28 days
phy5|c?l evalua- Modulus of elasticity NBR 8522:2008 28 days
on Water absorption by immersion NBR 9779:2012 28 days
Water absorption by capillarity NBR 9778:1987 28 days
. . L AASHTO TP119- 28,63 and 114
Volumetric electrical resistivity
15 days
Surface electrical resistivity ASTM G57-06 28,63 and 114
Durability as- days
sessment Penetration depth of chloride ions by drying and Colorimetric with 28, 63 and 91
wetting cycles 0.1M AgNO; spray days
Depth of carbonation 1SO 1920-12 28 days
Penetration depth of chlorides by drying and wet- Colorimetric with 28, 63 and 91
ting cycles after carbonation 0.1M AgNO; spray days

The penetration depth of the chloride ions was determined after the concrete specimens were submit-
ted to the drying and wetting cycles in a solution containing chlorides. After wet curing of the cylindrical
concrete specimens, the samples were kept in the laboratory for 4 days (drying stage), and then partially im-
mersed solution containing 3.5% NaCl for 3 days (wetting step). The solution was replaced every 15 days.
The concrete specimens were submitted to these drying and wetting cycles until the test day (28 days corre-
sponding to 4 cycles; 63 days, 9 cycles; and 91 days, 13 cycles). At the end of each time interval tested, the
specimens were broken off by diametrical compression followed by spraying silver nitrate (AgNO3) and
0.1M distilled water solution onto the concrete surface. The measurements were made using the scalimeter
with adequate precision in nine different points, equidistant from each other, distributed on the sample faces.

The carbonation of the concretes was analyzed at 28 days. The experimental procedures consisted of
submitting the concrete specimens to 14-day preconditioning to clear the pores filled with water during cur-
ing and stabilization of the internal moisture followed by exposition to an environment containing 3 + 0.5%
CO, by volume, at 27 + 2° C temperature, and 65% + 5% relative humidity. To perform the test, the concrete
specimens were sprayed with a solution containing 1% phenolphthalein, 70% ethyl alcohol and 29% distilled
water (1SO 1920-12).

To evaluate the combined action of carbonation and chloride ions, the specimens were initially ex-
posed to accelerated carbonation for 28 days and subsequently submitted to watering and drying cycles in
3.5% NaCl solution, for the intervals of 28, 63 and 91 days.

The mechanical and physical evaluations were performed in all specimens (REF, 30RCC, 50RCC,
70RCC, 70RCC, and 100RCC), while the durability tests were performed only on the REF, 30RCC and
50RCC specimens, which had the best mechanical and physical performances.

In the durability tests, we analyzed concretes containing up to 50% recycled aggregate since a com-
prehensive survey developed by Akhtar and Sarmah [2] recommended an ideal replacement percentage be-
tween 30 and 50% while current regulations, in general, establish a 30% replacement percentage of the natu-
ral by the recycled aggregate.
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4. RESULTS

4.1 Mechanical properties

4.1.1. Compressive strength

The compressive strength (meaning average values plus standard deviation) results after 7, 14, 28 and 91
days is illustrated in Figure 4. The compressive strength decreased as the recycled aggregate replacement
percentage increased, with the lowest value obtained for the 100RCC concrete. On the other hand, the
30RCC and 50RCC specimens had similar compressive strength values at 14 and 28 days that decreased be-
tween 12% and 17% compared to the reference concrete.
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Figure 4: Compressive strength of concrete specimens.

The analysis of variance by ANOVA indicated that the replacement rate affected significantly (p
<0.05) the concrete compressive strength. The Duncan test grouped the 30RCC, 50RCC, and 70RCC speci-
mens together, indicating a similar behavior, whereas the REF and 100RCC samples are in isolated groups.
The total replacement of the natural coarse aggregate by the recycled one reduced the compressive strength
significantly. On the other hand, replacing 30%, 50% and 70% of the natural with the recycled aggregate
resulted in a mechanical performance compatible with concretes with structural function.

There is a consensus that a suitable replacement percentage would be up to 30%, the limit for which
the concrete mechanical properties are not very different from the conventional concrete. However, Bui,
Satomi, and Takahashi [10] have adopted new methodologies in the concrete mixture and reported an ac-
ceptable replacement limit up to 50%, without changing the concrete mechanical properties. In this new
methodology only some sizes of the coarse aggregate were replaced (7.93 mm, 6.73 mm and 5.60 mm). But
in this study it was used the conventional method, based on the replacement percentage of the entire of coarse
aggregate mixture including all particle sizes in coarse aggregate particles. The correlation between the com-
pressive strength and water absorption by immersion results for the concrete specimens is illustrated in Fig-
ure 5.
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Figure 5: Relationship between compressive strength and water absorption of concrete specimens.
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According to Figure 5 the compressive strength and water absorption are inversely related. The refer-
ence concrete has higher compressive strength (40.2 MPa) and lower water absorption capacity (4.4% - Table
6). As the recycled aggregate replacement ratio increases, the compressive strength decreases while water
absorption capacity tends to increase. This result can be attributed to the greater porosity of the cementitious
matrix that reduces the concrete resistance so that these properties display an antagonistic behavior.

Despite the fact that 70RCC has a higher percentage of replacement, the samples identified in this ex-
periment showed low absorption. This can be attributed to the fact that it presents a smaller amount of mortar
adhered to the coarse aggregates recycled in this portion. However, based on the classification of Helene
(2000), analyzing the water absorption, only 100RCC concrete can be considered as deficient, the other con-
cretes are classified as normal, highlighting that 50RCC concrete was at the limit between normal and defi-
cient in relation to the quality of the material.

4.1.2. Tensile strength by diametrical compression

The tensile strength variation of concrete at 28 days is illustrated in Figure 6. Like the results obtained for the
compressive strength, the reference concrete had the highest tensile strength value (4.0 MPa). Furthermore,
statistically, the ANOVA method indicated that the percentage of recycled aggregate did not affect
significantly the tensile strength by diametral compression of concrete.

A reduction of 27% was obtained for the 30RCC, 50RCC, and 70RCC specimens compared to the
reference concrete, and about 42% for the 100RCC sample. Likewise, Silva and Andrade [39] also observed
the same trend, explaining it by the weak bond formed between the matrix of the hydrated cement and the
recycled aggregate, due to the presence of adhered mortar.

REF

30RCC S0RCC TORCC 100RCC

Tensile Strengh by Diametral
Compression (MPa)
O = = b kW W e s Lh

Figure 6: Tensile strength by diametral compression of concrete specimens at 28 days.

4.1.3. Modulus of elasticity

The 28-day modulus of elasticity results are illustrated in Figure 7. A decrease of about 25% is observed for
the 30RCC, 50RCC and 70RCC samples compared to the reference concrete. The analysis of variance by
ANOVA indicates that the recycled aggregate percentage in the sample affects the modulus of elasticity
significantly (p-value was lower than 0.05) compared to the reference concrete.

This lower modulus of elasticity of the mixes in which the natural gravel was partially or totally re-
placed by construction and demolition waste can be attributed to the higher porosity and lower density of this
material, compared with the basaltic gravel. In the 100RCC mix, there was a reduction of 40% in comparison
with the concrete of reference (REF). These results are similar to those of Silva, Brito, and Dhir [37]. Better
results were observed for concrete with recycled aggregate that originated from the crushing of high-
performance concrete structures.
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Figure 7: Modulus of elasticity of concrete specimens.

4.2 Physical Properties

As for the specific mass of fresh concrete, the concrete with recycled aggregate has slightly lower values (2.4
- 6.1%) compared to the reference concrete. Shahidan et al. [35] also reached this same conclusion. The
water absorption by immersion, void index and specific mass of concrete specimens is illustrated in Table 6.

Table 6: Water absorption by immersion, void index and specific mass of concrete samples.

CONCRETE ABSORPTION (%) LLV. (%) SPECIFIC DRY MASS (g/cm?)
SPECIMENS MEAN STANDARD DEVIATION (SD) MEAN  SD MEAN sD
REF 4.4 0.21 10.2 | 0.03 2.303 0.009
30RCC 6.0 0.30 14.0 | 0.04 2.215 0.012
50RCC 6.4 0.15 15.1 | 0.10 2.215 0.012
70RCC 5.2 0.11 12.6 | 0.09 2.206 0.004
100RCC 7.7 0.07 17.3 | 0.19 2.096 0.017

The water absorption by immersion, void index, and specific mass tests indicated that the specimen
specific mass decreased while the percentage of water absorption and void index increased up to 70% com-
pared to the reference concrete. The results of water absorption by immersion, void index, and specific mass
tests are shown in Table 6. The results for the water absorption by capillarity tests is illustrated in Figure 8.
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Figure 8: Water absorption by capillarity of concrete.

The capillary absorption test indicated an increase of about 100% in the water absorption percentage
when the natural aggregate was totally replaced by the recycled aggregate. Likewise, Bravo et al. [9] reported
an increase of about 86% in capillary absorption, when recycled aggregate was incorporated into the concrete.
Figure 8 shows the values obtained in the capillary absorption tests for better visualization.

To characterize the tendency of the studied material to absorb and transmit water by capillarity and,
consequently, the material susceptibility to the ingress of degradation agents, the sorptivity coefficients of the
mixes were calculated. The incorporation percentage of the recycled aggregate affects significantly the ab-
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sorption capacity, resulting in 0.016 g/cm®min®® and 0.021 g/cm?.min®® for the 50RCC and 100RCC sam-
ples, respectively, while the sorptivity coefficient was 0.009 g/cm?min®® for the reference concrete. These
higher sorptivity coefficients for the recycled aggregate concrete can be attributed to the higher intrinsic po-
rosity of the recycled material and the different origin of the recycled aggregate. The capillary heights ob-
tained in the capillary water absorption test for the REF, 70RCC and 100RCC concrete specimens are illus-
trated in

Figure 9.

Figure 9: Capillary heights of the different specimens: a) REF, b) 70RCC e c) 100RCC.

4.3 Durability assessment

4.3.1. Electrical resistivity
The mean values obtained in the volumetric and surface electrical resistivity tests are illustrated in Figure 10
and Figure 11, respectively. The reference concrete presented higher resistivity values than the recycled
aggregate concrete mixes, thus indicating a significant effect (p<0.05) of the replacement rate on the
electrical resistivity of concrete. Additionally, the higher the replacement rate, the higher the electrical
conductivity and, consequently, the lower the electrical resistivity, which has also been reported by Singh and
Singh [40]. Santos [34] and Higuera et al. [20] attribute this result to the higher porosity of the recycled
aggregate material and the greater amount of electrolytic solution in the concrete pores.

Regarding the relationship between the surface and volumetric electrical resistivity values, the results
indicated that the surface electrical resistivity is about twice the volumetric electrical resistivity, which has
also been reported by Spragg et al. [41] and Azzi and Costa [6].
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Figure 10: Volumetric electrical resistivity of the REF, 30RCC and 50RCC specimens, at 28, 63 and 114 days.
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Figure 11: Surface electrical resistivity of the REF, 30RCC and 50RCC specimens, at 28, 63 and 114 days.

The results showed that concrete electrical resistivity increased over time due to hydration. During the
cement hydration process, the formed compounds gradually fill in the voids initially occupied by the electro-
lyte and, therefore, the pore structure of the cementitious matrix changes, increasing the material resistivity.
Table 7 and Table 8 show the classification of the concrete specimens according to the electrical resistivity
values of the applicable standards.

Table 7: Classification of the concretes regarding penetration depth of chloride ions.
VOLUMETRIC ELECTRICAL RESISTIVITY

Concrete Standard AASHTO TP 119-15
28 days 63 days 114 days
REF Moderate Moderate Moderate
30RCC Alto Moderate Moderate
50RCC Alto Moderate Moderate

Table 8: Classification of concretes regarding the penetration depth of chloride ions and the risk of corrosion.
SURFACE ELECTRICAL RESISTIVITY

Penetration of chloride ions Risk of Corrosion
Concrete Standard AASHTO TP 119-15 COST 509 CEB 192
28days 63days 114days 28 days 63days 1l4days 28days 63days 114 days
REF Low Low Low Moderate Moderate Moderate Low Low Low
30RCC  Moderate  Low Low High Moderate Moderate  High Low Low
50RCC  Moderate  Low Low High Moderate Moderate  High Low Low

4.3.2. Penetration depth of chloride ions

The penetration depth of the chloride ions in the concrete mixes is illustrated in Figure 12. According to the
results, the replacement rate affects the penetration depth of chloride ions, by increasing the susceptibility to
the transport of aggressive agents.
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Figure 12: Penetration depth of chloride ions at 28, 63 and 91 days.
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The analysis of variance by ANOVA shows that the recycled aggregate percentage affects significant-
ly (p <0.05) the penetration depth of chloride ions. The Duncan test classified the REF, 30RCC and 50RCC
specimens in different groups (01, 02 and 03, respectively). The average values obtained for 30RCC and
50RCC concretes are closer to each other than to the REF concrete, indicating that, although the recycled
aggregate reduces the resistance to the action of chloride ions, the increasing replacement rate would not in-
terfere proportionally with the values obtained.

Also, Figure 12 shows that the 30% replacement rate, despite having a lower resistance to the action
of chloride ions, addresses the issue of durability and mechanical properties, as presented previously. Simi-
larly, Limbachiya, Meddah, and Ouchagur [25] also reached this same conclusion in their studies.

4.3.3. Depth of accelerated carbonation

Additionally, the results show an increase of the carbonation depth for the recycled aggregate mixes
compared to the reference concrete. The obtained concrete carbonation coefficients were 4.19; 5.45 and 5.49
mm/ano®” for the reference (REF), 30RCC and 50RCC, respectively.

4.3.4 Combined action of carbonation and chloride ions

The penetration depth of chloride ions, in mm, is illustrated in Figure 13. The specimens had already been
subjected to accelerated carbonation. It is observed that the penetration depth of chloride ions increases in the
recycled aggregate specimens compared to the reference concrete, with values higher than those obtained for
samples submitted only to the action of the chloride ions.
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Figure 13: Penetration depth of the chloride ions after exposure to the 3.5% NaCl solution (after being submitted to CO,
action).

The p-value (p<0.05) by ANOVA shows that the replacement percentage affects significantly the pen-
etration depth of chloride ions. The Duncan test grouped the concrete specimens in groups 01, 02 and 03,
respectively, at 28 days. Although the average penetration depth of chloride ions varied, the chloride ions
never reached the concrete reinforcement in any of the studied samples, considering the minimum nominal
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cover of 02 cm as required in the Brazilian standards (NBR 6118:2014) for reinforced concrete structures.
The results for the penetration depth of chloride ions of the mixes submitted only to chloride wetting/drying
cycles and to the combined effect of carbonation and chloride ions, at 28, 63 and 91 days are illustrated in
Figure 14.
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Figure 14: Penetration depth of chloride ions submitted only to chloride ions and to the combined effect of carbonation +
chlorides (mm).

The deleterious effect of carbonation on concrete with recycled aggregate, which had more penetra-
tion fronts of chloride ions at all ages is illustrated in Figure 14. The combined effect is more deleterious in
concrete with recycled aggregate since this type of material, because of the more porous nature, made it pos-
sible to fill the pores of the concrete through the process of carbonation, which enabled a greater capillary
height of the chloride ions in the samples. It is necessary to highlight that the samples did not show penetra-
tion front and chloride ions at the top due to partial immersion in the NaCl solution. The chloride penetration
fronts after spraying the silver nitrate solution at 91 days is illustrated in Figure 15.

Figure 15: Chloride ion penetration at 91 days a) REF, b) 70RCC e c) 100RCC.

The higher chloride penetration was observed at 91 days (Figure 15). The colorimetric assay showed a
higher chloride penetration in the 50RCC specimen compared to the others (REF, 30RCC). The greater pene-
tration depths of chloride ions in specimens subjected to carbon dioxide action is attributed to the displace-
ment of chloride ions from carbonate to non-carbonated regions induced by carbonation. Likewise, Yu et al.
[51] obtained a maximum chloride concentration in the carbonation front of specimens subjected to the com-
bined action of these aggressive agents.

The pore filling due to the formation of calcium carbonate may increase chloride ion penetration by
capillarity. This would be an indication that carbonation facilitates chloride ions entering the concrete struc-
ture, increasing their penetration and intensifying reinforcement corrosion.
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5. CONCLUSIONS
The results of this study allow to conclude the following:

e Replacing the natural with recycled aggregate in concrete specimens affects the mechanical prop-
erties; it lowers compressive strength, tensile strength by diametral compression, and modulus of
elasticity. However, as for the mechanical properties, it can be mentioned that the concrete 50%
RCC and 70% RCC showed similar results with regard to the mechanical properties, which
means that with the incorporation of RCC in the concrete, even in high percentages of substitu-
tion of the natural aggregate, does not prejudice the resistance of the analyzed concrete;

e The replacement percentage greatly influences the physical properties of the produced concrete as
clearly identified in the analyzed properties, water absorption by immersion, void index, specific
mass, and capillary absorption;

e As for durability, it can be said that, although concretes with incorporation of recycled aggregate
are less resistant, when subjected to the action of various aggressive agents (chloride and carbona-
tion ions), the analyzed concretes present an adequate performance. Thus, considering the fea-
tures 30RCC and 50RCC, it can be said that the use of concrete material with recycled aggregate
is feasible even with a structural function, although there is no Brazilian standard that regulates
the use of this material;

e Even when considering the action of more than one aggressive agent on the concrete (combined
action of carbon dioxide and penetration of chloride ions), a very unfavorable scenario from the
viewpoint of durability, the action front of the chloride ions would be less than the minimum
thickness of the recommended cover layer for both natural and recycled aggregate concretes.

e Itis possible to use the recycled aggregate from the standpoint of mechanical properties and du-
rability, since the performance was adequate according to ABNT regulations, even when consid-
ering the combined effect of aggressive agents (carbon dioxide and chloride ions). However, a
rigorous characterization and standardization of the recycled aggregate is necessary since this ma-
terial can vary from region to region and even from one batch to another.
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