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Abstract

This article presents the results of an experimental characterisation of the physical and mechanical properties of a cement-based compound that
includes recycled fine ceramic aggregates and EPS for various dosages from rehabilitation work. The aim of this research is to propose a new
construction material, developed in Argentina, for its future adaptation to Spanish and European regulations in order to minimise the
environmental impact, improve energy efficiency and reduce construction costs, as well as provide a solution to the problem that CDW
(Construction and demolition waste) management represents. Tests results show that when increasing the amount of recycled fine aggregates and
EPS, the mechanical resistance is reduced in comparison with traditional sample products. By adding recycled EPS, it is observed that a proportional
reduction of the thermal conductivity occurs, thereby improving its thermal properties. Furthermore, it is found that the degree of water absorption
is similar to that of the reference samples, and fire tests show that its behaviour is also equivalent, thereby showing that this new material has low
smoke emission and low flame spread.

Keywords: Recycled fine aggregates, construction materials, sustainability, construction and demolition waste, polystyrene.

In recent years, the construction sector has experienced intense activity which has caused enormous environmental
deterioration: the excessive consumption of natural resources, the huge amounts of energy required to produce
construction products, and the impact generated by the uncontrolled dumping of untreated and uncontrolled
construction and demolition waste (CDW) in illegal landfills (Adnan, Bernd, & Ehsan, 2014); (Valdés et al., 2010)
(Marrero, Solis-Guzman, Molero Alonso, Osuna-Rodriguez, & Ramirez-de-Arellano, 2011).

In the European Union alone, the construction sector consumes 40% of natural resources for the production of
construction materials (European Commission, 2013); (Lopez-Mesa, 2009), while it generates 40% of the waste
(Hendriks & Pietersen, 2000) (Mercader-Moyano, 2012). In total, in 2008, there was an average of approximately 890
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million tons of CDW (Sdez Villoria, del Rio Merino, & et al., 2011), while the recovery rate was only 25% (European
Environmental Agency (EEA), 2002). In this context, Spain is one of the countries of the European Union that
generates the most CDW: 10.2 million tons per year (European Commission, 2013).

In order to correct this situation, laws and plans at European and local levels which promote the recycling and reuse of
CDW have been established (Marrero et al.,, 2011). In Europe, regulations have been developed by the European
Framework Directive of Waste, for its prevention and reuse (PCE, 2009). However, these implemented management
models remain far from achieving their goal of recycling 70% of the CDW generated in Europe by 2020, because reality
shows that only 50% is recycled (Soniego, Hestin, & Mimid, 2010).

In Spain, the Royal Decree 105/2008 (Ministerio de la Presidencia, 2008) aims to establish the legal framework for the
production and management of CDW, for its prevention, reuse and recycling. On the other hand, new energy-
efficiency legislative requirements of Spain, such as the Royal Decree of Energy Certification, RD 235/2013 2013
(Ministerio de la Presidencia, 2013) and the Law 8/2013 (Jefatura del Estado, 2013), regulate the basic conditions that
buildings must satisfy in accordance with sustainable rehabilitation. This equates to an increase of rehabilitation and
demolition work, representing an increase in the CDW generation that must be properly managed. The goal is to
reduce greenhouse gases emissions by 20%, achieve a contribution of renewable energy as 20% of the consumption,
and improve energy efficiency by 20% by 2020.

Given this situation, finding new ways to manage CDW in order to prevent its generation and to promote its recycling
has become a priority. In this context, many researchers have studied the behaviour of new materials that employ
recycled aggregates from different origins as their raw materials. Among these studies, there are those which, in a
cement matrix, incorporate recycled aggregates from: brick dust and ceramic tiles (Aliabdo, Abd-Elmoaty, & Hassan,
2014)(Milicevi¢, Bjegovic¢, & Siddique, 2015)(Sadek, 2012); ashes from thermal plants (Alba, Marrero, Leiva, Montes, &
Vilches, 2012); EVA waste (footwear) (De Melo & Silva, 2013); the incorporation of waste in order to produce
structural concrete (Valdés et al.,, 2010); and others that even produce new mortars with similar properties to
traditional materials (Diaz, 2016);(Cabrera-Covarrubias, Gomez-Soberén, Almaral-Sanchez, Arredondo-Rea & Corral-
Higuera, 2015).

On the other hand, other studies research into a compound of greater lightness than conventional products in order
to improve the implementation of building work, and fundamentally, its thermal conductivity. One of the materials
most used for this purpose has been Expanded Polystyrene, EPS, (ANPE, 2013). Among other applications, it has been
employed to obtain panels on a gypsum matrix that incorporates recycled EPS aggregates (Gonzalez Madariaga &
Lloveras Macia, 2008); (San-Antonio Gonzalez, del Rio Merino, Marténez Marténez, & Villoria Saez, 2014).

According to certain studies, (BASF, 2010) (INDEC, n.d.); EPS is one of the most damaging plastics for the environment
because of its production volume and prolonged degradation time. At European level, from the 860 million tons of
total generated construction waste, around 10%, 940 thousand tons, comes from the field of plastics (EC, 2013). The
fact that EPS waste generation has increased immeasurably in recent years (Garcia Santos, 2009), and that in Spain,
ceramic material is the second-highest group of CDW generated in construction and demolition of Spanish buildings
after concrete (Mercader-Moyano, 2010); (Mercader-Moyano & Ramirez-de-Arellano-Agudo, 2013)(Mercader-
Moyano, Olivares, & Ramirez de Arellano, 2013), shows that the recycling of these residues emerges as a potential
option for their management. However, a detailed study on the reuse of both materials together has yet to be carried
out.

This research therefore proposes the use of fine ceramic aggregates from the rehabilitation of buildings and EPS from
MSW (Municipal Solid Waste), as components of mixtures based on cement, in order to generate a compound of
greater lightness while also improving its thermal properties. The aim is to propose a new construction material that
includes recycled aggregates developed in Argentina for a later adaptation to Spanish and European regulations as a
way of responding to the need to find a solution for waste management in the new situation arising in the community.
In this regard, this research consists of the characterisation of the physical and mechanical properties of a cement-
based compound of recycled fine ceramic aggregates and EPS from CDW for different dosages. The ultimate goal is to
obtain the most favourable proportions and mixtures for different possible applications and to study their behaviour
in tests conducted in accordance with Argentina regulations.
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For the preparation of the specimens, cement is used as the base material, and recycled fine ceramic aggregates and
EPS from CDW is employed as an additive for the improvement of the properties of the newly obtained compound. To
perform this experimental characterisation, the methodology that was carried out is the following:

e  Study of current regulations in the country of origin: Argentina.

e Search for raw materials, processing and preparation in the laboratory.

e  Preparation of the mixtures according to the various established dosages: 9 dosages that include a higher or
lower percentage of recycled aggregates.

e Implementation of tests set out in the laboratory regulations, such as the IRAM standard 11561-2: Non-
bearing Concrete Blocks, and 11561-3: Bearing Concrete Blocks (Instituto Argentino de Normalizacién y
Certificacion, n.d.).

e  Study of the results attained in the tests in order to draw conclusions for the improvement of the products
developed.

Recycled materials

The first of the recycled materials is the "rubble" which is defined in Argentina as an inert residue with rough surfaces
and irregular shapes, made of ceramic materials and mortar as the result of demolition work. In accordance with the
study (Yajnes & Sutelman, 2014), rubble is classified according to its origin. For the selection of the rubble type to be
used in this research, the response level is studied (high, medium or low) in accordance with 10 parameters of the 5
most common types of rubble from the worksites in Buenos Aires, Argentina: common brick with mortar, simple
hollow brick without mortar of 8/12x18x33 cm dimensions, chippings or demolition debris, porcelain facings
(monolayer stoneware, tiles/porcelain stoneware), and sanitary porcelain.

Table 1. Response level of the five types of rubble according to each parameter. Source: Self-elaboration.

Parameter Common Simple Chippings or  Porcelain Sanitary
brick hollow brick debris facings porcelain
Contribution to the final resistance MEDIUM MEDIUM MEDIUM HIGH HIGH
Workability HIGH HIGH HIGH LOW LOW
Not dangerous to work with HIGH HIGH HIGH LOW LOW
Ease of breaking HIGH HIGH HIGH LOW LOW
Purity: homogeneity of the material HIGH HIGH LOow HIGH HIGH
Percentage of usable material MEDIUM HIGH Low HIGH HIGH
Low water absorption LOW MEDIUM Low HIGH HIGH
Ease of integration with crushed EPS HIGH HIGH HIGH LOW LOW
Current availability HIGH HIGH HIGH MEDIUM LOW
Future availability HIGH HIGH HIGH MEDIUM LOW

The results of the study are shown in Table 1. The type of waste that presents a better level of response to the
parameters is common brick rubble (that selected for this research) and in second place, general chippings. Once
collected, the rubble is processed in the laboratory and triturated until it passes through a sieve with holes of half an
inch (12.5 mm) in diameter.

The second of the recycled materials used in the dosages is EPS. Its origin comes from MSW, from electronics
packaging, containers, and pharmaceutical industry appliances, which are processed and crushed (Figure 1) and then
sifted through a sieve with %-inch holes (6.3 mm). Expanded polystyrene is a rigid cellular plastic that uses pure
hydrocarbons, which do not contain halogen, as its blowing agent.

Figure 1. Aspect of cr d EPS before sieving though the 1/4” sieve. Source: Self-elaboration.

g g N
¥ ; _ " o
i * : e -
Fo o - v 2

99



Other materials

The cement used is the habitual grey cement for the development of standard concrete in Argentina: Portland
Composite Cement of 40 CPD40 strength class. It is suitable for the production of concrete elements and structures in
which the acquisition of initial and final resistance is important.

Samples and dosages

Test specimens are made of various mixtures whose composition and proportion vary in terms of the additives used.
Among the recycled materials (common brick rubble and EPS) that are crushed and sieved, these specimens are added
to the cement, sand and water mixture, thereby developing 9 different dosages (Table 2). With the addition of EPS,
the workability of the samples worsens, hence it becomes necessary to add vinyl additives (binder), such as the
plasticiser “Takuru”, to improve adhesion. The specimen dimensions are of 24x12x5 cm (Figure 2). Depending on the
response to the tests and their characteristics, certain dosages will be used for different designed products: bearing
and non-bearing blocks, and vaults for edges.

Since this is a research paper, the different dosages are studied in order to determine the different characteristics of
new products. Therefore, numerous tests have been performed to establish the final dosages, which are those that
provide the best response, and these are set out in the table below. It is important to note that dosages are expressed
in this order: cement, sand, rubble and EPS.

Once specimens have been created with different dosages, tests are performed according to IRAM (Argentine

Institute of Standardization and Certification) standards: these include water absorption, simple mechanical
compaction, fire behaviour, and thermal conductivity tests.

Table 2. Samples and dosages. Source: Self-elaboration.

Ne Density Dosage Cement Lime Solid Sand Rubble EPS Water Liquid Paper Fixer
Binder Binder
kg kg kg kg kg Litres Litres Litres kg Litres
1 900 1:1:1:3.75 300 300 300 1125 150 9
2 750 1:1/4:3/4:3.75 300 75 225 1125 150 9
3 780 1:1/3:1:1:3.75 300 100 300 300 1125 180 10.8
4 1200 1:1/3:1:2.5 444 148 44 1110 222 13.3
5 1200 1:1:2.5 420 420 1050 210 12.6
6 890 1:0.5:2:5 240 120 480 1200 120
7 830 1:0.5:1:1:5 240 120 240 240 1200 120
8 660 1:1/4:1:3/4:3.75:1 204 51 204 153 765 122 7.3 68 34
/3
9 1300 1:0.5:1:1:2.5 340 170 340 340 850 170

Figure 2. Aspect of the test specimens: Dimensions: 24x12x5cm. Source: Self-elaboration.
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Water absorption test

Firstly, the response to water absorption is studied of the 9 specimens and traditional pieces. The aim is to analyse the

incorporation of water into the mass of the samples and the amount of water that is eliminated 19 days after being

removed from it, according to IRAM standard 12588 (Instituto Argentino de Normalizacién y Certificacion, n.d.). These

traditional pieces are the same as those used in other research tests and their characteristics are:

e Common exposed brick (LC) of dimensions: 11/5/22.5 cm. Humus material baked in handcrafted ovens. Dry unit
weight, 1.78 kg. Apparent density 1440 kg/ma.

e Ceramic hollow bricks (LH) of dimensions: 8/18/33 c¢m. Industrially baked clay material. Dry unit weight, 3.27 kg.
Apparent density, 690 kg/m>.

e “Adobe” brick (LA) of dimensions: 14/6.7/28.7 cm. Stabilised soil material with cement, 10% unbaked. Dry unit
weight, 3.67 kg. Apparent density 1370 kg/m3.

° Concgete block (RTKs) of dimensions: 10/26/25 cm. Concrete material. Dry unit weight, 3.7 kg. Apparent density, 550
kg/m”.

These 13 units were first weighed when they were dry and then immersed in water for 48 hours. Subsequently, they
were drained and weighed at: one and two hours, and then at 5, 14 and 21 days. The water absorption graph (Figure
3) shows that all specimens, except that of mixture N28, present a similar behaviour to that of the ceramic hollow
brick, in that they absorb a percentage of water between dry and wet weight between 3% and 7% at 5 days of being
removed from the water and with a tendency to recover their dry weight after 21 days. Furthermore, by comparing
their response to water absorption with respect to that of common brick, adobe brick and concrete blocks, it is much
better, especially specimens of mixtures of higher density: N24, N25 and N29.

Figure 3. Results of water absorption test. Source: Self-elaboration.
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Simple mechanical compaction test

A mechanical compaction test is performed (Table 3) in which the behaviour of three blocks is tested. For this test,
these blocks have nominal dimensions of 14x40x18 cm in accordance with IRAM standard 11561-4 (Instituto
Argentino de Normalizacién y Certificacion, n.d.). These three blocks have the N21 dosage, since it is the sample
containing the highest percentage of recycled EPS.

Table 3. Results of simple mechanical compaction test. Source: Self-elaboration.

Dimensions (cm) Absorption (cm2) G (kN) Th (MPa)
145x39.4x17.7 57279 164.7 2.9
14.3x40.1x17.6 57338 186.6 33
14.8x40.2x17.8 59471 181.0 3.0
Gross weighted load Breaking load Individual pressure breaking point
area of the block of the block of the block based on its gross section

IRAM standard 11561-3 (Instituto Argentino de Normalizacién y Certificacidn, n.d.) states that, for bearing blocks, the
average resistance of the gross section is 6 MPa and for the individual block is 5 MPa. IRAM standard 11561-2
(Instituto Argentino de Normalizacion y Certificacién, n.d.) for non-bearing blocks, establishes that the average
strength of the gross section is 2.5 MPa and for the individual block is 2 MPa. Therefore, on considering that the
chosen dosage is one that includes a higher percentage of EPS aggregates, the act of adding EPS waste affects the
mechanical strength of the specimens, but when obtaining the breaking pressure of the gross section, this is limited to
3 MPa, which does not exclude them from functioning as non-bearing blocks.

Preliminary fire tests are conducted without taking the standards into consideration, to study the behaviour of the
blocks. The temperature measurements are taken with a CA380 Canson Infrared Thermometer. Ambient conditions
are maintained at a temperature of 25C and 60% relative humidity, as in the rest of the tests.

Preliminary fire test 1

In this test, the response to a heat source is studied of the 9 samples and traditional pieces. To this end, a direct flame
is applied using a butane torch for 5 minutes at a distance of 10 cm. In all of the pieces, EPS particles near the flame
are consumed by fire but do not collapse.

Preliminary fire test 2

In this test, the behaviour of the pieces is measured when faced with heat transmission. The 9 samples and the four
traditional pieces are tested through exposure to a heat source over the open top of an electric oven for one hour at a
temperature of 100 C.

It is important to measure the starting temperature on both the exposed and opposite faces, but it is also a priority in
this case to study the variation in heat suffered by the opposite face. Two response groups are obtained: while
samples made with mixtures N24, N25 and N29 show a variation of 4.5 C to 5 C, in the remaining cases this variation
was maintained between 2 C and 3 C. When relating this behaviour to the specific weight of different mixtures, with
1200 kg/m3 for samples N24 and N95, and 1300 kg/m3 for N29, no substantial differences for mixtures of between
660 kg/m3 (N22 and N28) and 880 kg/m3 (N21) were observed, including the intermediate densities (N23, N26, and
Ne7).

Preliminary fire test 3

In this test, a flame is applied to one of the blocks for 60 minutes on its interior face, measuring the surface
temperatures before and after the test on both the side exposed to fire and the opposite face (Figure 4). For this test,
the N27 mixture is used, since this dosage has the greatest percentage of EPS.

After 30 minutes of exposure, the surface effects are displayed. Temperature rises on the exposed face from 23 C to
387 C, while the temperature of the opposite side is constant throughout the process at 23 C, registering an increase
of 3 C after 60 minutes of exposure. When the sample is removed from the fire, the heat on the exposed face begins
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to cool immediately, recovering the initial temperature after 120 minutes, and reaches 36 C after 60 minutes of being
removed. The centre of the block passes from 23 C, at the beginning of the exposure to fire, to 27 C after 60 minutes
of exposure, reaching a peak of 40 C after 30 minutes. It recovers its initial temperature after 120 minutes.

Fire test performed by the INTI (Instituto Nacional de Tecnologia Industrial)

In order study the fire behaviour of the product in accordance with IRAM standards, the tests established in these
regulations are performed at the INTI laboratory on blocks with mixture N21, one of the dosages that include a higher
percentage of EPS aggregates.

First, the test of "Determination of Optical Density of Smoke" is performed in accordance with IRAM standard 11912
(Instituto Argentino de Normalizacién y Certificacion, n.d.). Eight samples are tested of 7.5x7.5 cm and 2.5 cm
thickness. This test determines the optical smoke density. According to the value of maximum specific optical density
obtained and taking into account the classification proposed by the Technical Unit of Fire Technology of the INTI, the
block is classified as Level 1 (of the existing four levels): Materials that generate a low amount of smoke, with
corrected optical density between 1 and 132, reaching values of 9 and 5 in flame and flameless tests, respectively.

Secondly, the "Determination of the Flame Surface Spread" test is performed according to IRAM standard 11910-3
(Instituto Argentino de Normalizacién y Certificacidn, n.d.-f). To this end, six samples are tested of 15x45 cm with a
thickness of 2.5 cm. It is deduced that the material has a flame spread index that classifies it as RE2: materials of very
low flame spread (the second-best response of the five existing after dismissing the incombustible materials). This rate
of flame surface spread arises from a combination of factors derived from the speed of propagation of the flame (F),
called the factor of flame spread, and another factor related to the heat released by the tested material (Q), and
called the factor of heat evolution.

Thermal conductivity

A comparison is performed of the results of thermal transmittance calculations made by the INTI of two mixtures
previously developed for this research, and in accordance with the values established in the IRAM standards (Instituto
Argentino de Normalizaciéon y Certificacion, n.d.) for concrete with non-recycled EPS aggregates of various densities
(Table 4). In this way, an approximation is sought of the potential thermal conductivity of each of the 9 mixtures. The
location selected is that of the city of Buenos Aires and the block under study has a total thickness of 16.3 cm. As this
is an analysis of thermal transmittance, the other dimensions of the block are of no consequence, since, in theory, 1
m2 of wall is analysed. Thermal bridges are not included in the calculation since they are not established in current
regulations.

Table 4. Thermal conductivity. Source: Self-elaboration.

Name of concrete Sample Density Vertical Lambda Relation of the value of N23 and 4 samples
number kg/m3 W/mc on the N22 sample

EPS Concrete 300 300 0.090

EPS Concrete 500 500 0.150

EPS Concrete 632 8 632 0.170 13.33%

EPS Concrete 710 2and3 710 0.180 20.00%

EPS Concrete 1000 1,6and 7 1000 0.260

EPS Concrete 1300 4,5and 9 1300 0.350
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Mixtures of densities of 632 and 710 kg/m3 are obtained from recycled aggregates, the rest are tabulated in standard
materials. The first mixture has a ratio of 1:3.5, that is, 1 unit of cement per 3.5 units of crushed EPS. The second has a
ratio of 1:5, 1 of cement and 5 of crushed EPS.

In Figure 5, in the abscissa, the density values of the mixtures are given, while in the ordinate, the values of
conductivity are shown. The values for the established densities of standard materials (300, 500, 1000, 1300 kg/m3)
can be compared with those obtained from mixtures that used recycled aggregates, which are indicated with circles. It
is concluded that the mixtures obtained have similar thermal conductivity to those of concrete with virgin EPS.

Figure 5. Thermal conductivity relation between the concrete of virgin EPS aggregates (right-hand side)
and of that obtained by the new materials that include recycled EPS (left-hand side). Source: Self-elaboration.
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Mixtures with recycled EPS present values of lambda between 0.170 and 0.180 W/mc: values almost equivalent to or
even lower than those of the virgin EPS mixtures. It is therefore assumed that all 9 new recycled mixtures that have
the B category of the IRAM standard 11601 (Instituto Argentino de Normalizacién y Certificacion, n.d.) present
acceptable thermal transmittance values within the metropolitan area of Buenos Aires.

A new construction material is proposed that is based on cement, and recycled fine aggregates and EPS from CDW
through the characterisation of its physical and mechanical properties for different dosages and whose response to
the tests performed corresponds to those of similar traditional pieces. In the case of Argentina, the habitual use of
CDW is in the form of aggregates of screeds: there are no studies along this line of research in the whole country, and
hence this research extends the use of this type of waste as aggregates in the manufacture of new construction
products.

For the creation of samples, a large amount of preparation work of the recycled added material is necessary since
there is no management of CDW in Argentina, which leads to a great waste of time because of the variety and
randomness in the characteristics of rubble. As other researchers argue (Garzén & Sanchez-Soto, 2013), in order to
make this process viable and industrial, it is necessary to establish proper waste management policy in that country.

For Spain, this research acquires great potential as a solution to the management problem that CDW presents, since
ceramic material is one of the most profusely generated type of CDW (Mercader-Moyano, 2010); (Mercader-Moyano
& Ramirez-de-Arellano-Agudo, 2013) (Mercader-Moyano et al., 2013) and due to the current increase in EPS waste. In
agreement with statements by other researchers (Bezerra, 2003), with the addition of EPS, improvements in the
thermal properties of samples with respect to traditional products can be attained, and hence the inclusion of EPS in
building envelopes promotes energy efficiency.

Furthermore, as other researchers conclude (Aliabdo et al., 2014); (Milicevi¢ et al., 2015)(Sadek, 2012), the addition of
ceramic recycled aggregates of CDW affects the mechanical strength of the blocks, in that they significantly reduce
and limit the use of the designed product to that of non-bearing blocks. Furthermore, with the addition of these
ceramic aggregates, then the water absorption is increased; when EPS is added to the samples, the water absorption
remains similar to that of traditional products: almost identical to the degree of water absorption of a common brick.

104



The experimental characterisation of this new construction material based on cement, recycled fine aggregates and

EPS of CDW from rehabilitation work reveals that:

e The addition of recycled EPS aggregates hinders the adhesion of the mixtures with respect to the reference
materials without these aggregates. It is therefore necessary to increase the water-cement ratio and to incorporate
vinyl additives that improve the conglomeration of the mixtures.

e The addition of EPS in the mixture reduces the degree of water absorption in comparison with samples with only
ceramic aggregates added. The ceramic aggregate samples provoke a better response than those of “adobe” bricks,
concrete blocks, and simple hollow bricks, since they obtain similar behaviour to that of common bricks.

e In relation to the mechanical characteristics of the material, it is concluded that the compressive strength of the
block decreases with the addition of EPS and recycled ceramic aggregate, but its results comply with the minimum
values set in Argentine regulations, and hence this new product can function as the material for non-bearing blocks
on the facade of a building.

e Regarding fire behaviour, despite the addition of EPS, these samples are classified as materials with very low smoke
emissions and low flame spread.

e The addition of EPS in the mixture improves the thermal conductivity of the block with respect to traditional pieces,
thus the thermal properties of recycled blocks are improved. Even when recycled EPS is used, the lambda values are
equivalent to or even lower than those of the samples that include virgin EPS.

This research is part of the international research project: REEB "Rehabilitacion ecoeficiente de edificios y barriadas: la
gestion de los RCD en Argentina y la aplicacion de productos ecoeficentes del CEP a la normativa Espafiola” (reference
CCPI2015), type "Convenio Colaboracion Proyecto Internacional” included in the specific research agreement between
the University of Seville and Buenos Aires. Of the many people who have participated in this research, a special
mention is deserved for the architects Silvana Sutelman, Lucia Tosi, Ida Pecorelli, Pablo Azqueta, and Ricardo Tartaglia.
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