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Featured Application: The use of construction and demolition waste (CDW) in the development
of building materials has been done constantly. The CDW from Passo Fundo region of Rio Grande
do Sul/Brazil can be used in development of foamed concrete fully replacing the natural sand.

Abstract: The main objective of this study was to evaluate the use of construction and demolition
waste (CDW) from the Passo Fundo region of Rio Grande do Sul (RS), Brazil, in the development
of aerated foamed concrete. This waste had not yet been characterized or even reused. CDW was
processed (sieved only), characterized, and used as an aggregate, completely substituting natural
sand. The influence of CDW granulometry and the amount of foam upon compressive strength,
wet and dry bulk density, water absorption, and the air voids of concrete blocks were determined.
Results showed that CDW has regular characteristics for the development of aerated foamed concrete.
Compressive strength and density decreased as the amount of foam increased, while water absorption
and air voids also increased. Also, CDW that was classified as coarse showed higher compressive
strength. On average, CDW medium-sized particles had a higher air void content, while water
absorption showed little variation with respect to granulometry. CDW residue from the region of
study can be used as aggregate for the development of aerated foamed concrete. However, it must
characterized before being used to guarantee the quality of the final product.

Keywords: construction and demolition waste—CDW; foamed concrete; compressive strength;
pore structure; density

1. Introduction

Construction and demolition waste (CDW) has been used significantly since World War II due of
the great amount of debris and the need to satisfy the great demand for construction materials [1,2].
The use of CDW as aggregate for the development of concrete has been an alternative to reduce
environmental and economic impacts through the preservation of natural resources, because the global
demand for construction quality aggregates is expected to be more than 51 billion metric tons by
2019 [3]. Research related to obtaining aggregates through debris recycling is currently emphasized.
In European Union countries, approximately 50% of the total generated volume of CDW is reused, and
70% of total CDW should be recycled by 2020 [4]. Also, in these countries, residues from construction
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and demolition comprise the most significant part of all potentially recyclable residues, and in some
cases, such as the Netherlands and Denmark, the reuse of the produced CDW can be up to 80% [5].
In the United States, approximately 136 million tons of waste were generated by construction and
demolition activities, of which only about 28% were recycled [6]. However, recently in China, only less
than 10% of CDW was recycled, while the majority of the waste remained to be simply landfilled or
just dumped [7].

CDW from Brazil represents more than 40% of solid urban residues [8]. In many
medium (population from 100,000 to 500,000 inhabitants) and large size (population higher than
500,000 inhabitants) Brazilian cities, CDW residues are produced by activities such as renovation and
demolition (60%), and new buildings (20%) and house (20%) construction [9]. In Passo Fundo, the
CDW produced comes from renovation and demolition (42.5%), the cleaning of urban lots (16.7%),
the construction of buildings (11.1%) and houses (18.6%), and from soil excavation (11.1%) [10].
The irregular and clandestine dumping of these residues is a problem that generates significant
environmental impacts such as degrading roads and public places, the uncontrolled generation of
residues, the silting up of waterways, unpleasant odors, burning, noise, and the depletion of natural
resources, among others [11]. Aside from the environmental impacts, discarding these residues
occupies spaces that could be used for housing, since the Passo Fundo region has a significant deficit
of land for such purpose [12].

On the other hand, this material presents positive reuse potential, whenever it is properly
separated and transformed into new feedstock [13]. In Brazil, CDW is mainly composed of bricks,
ceramics, ceramic blocks, concrete and mortar, wood and wood boards, plaster, and metallic materials,
among other materials [14,15].

The Brazilian legislation classifies CDWs into four classes: A, B, C, and D. Class A contains the
reusable or recyclable residues produced by construction, demolition, renovation, paving repairs, and
other infrastructure works, as well as from the construction and/or demolition of precast concrete
objects such as ceramic (bricks, blocks, tiles, floor boards, etc.); mortar and concrete; and even soil
derived from earthwork. Class B contains residues such as plastics, paper, cardboard, metals, glass,
and wood, among others. Residues for which there are still no developed reuse technologies or
applications are included in Class C; for example, residues derived from products that use plaster
in their composition. Class D includes hazardous residues derived from fabrication processes such
as paint, solvents, oils, etc., or those contaminated or harmful to health arising from demolition,
renovations, and repair in radiological clinics and industrial facilities; it also includes roofing tiles, and
other objects and materials containing asbestos or products harmful to human health [15]. In Brazil,
CDW constituents are included predominantly in Class A—around 91% of mass—and Class B, (9%).
The CDW constituents in Classes C and D have not been quantified [14]. In Passo Fundo, according to
Bernardes et al. [10], 94.5% of CDW constituents are included in Class A, 3.1% in Class B, 2.4% in Class
C, while Class D did not contain significant amounts.

According to Cardoso et al. [16], four main kinds of construction and demolition wastes have
reuse potential as recycled aggregate such as concrete, mortar, ceramic materials, and road residues.
The use of recycled aggregates in concrete and mortar can be undermined by limits imposed by CDW
composition; for example, recycled materials usually have higher water absorption, lower specific
mass, and less mechanical resistance when compared with natural aggregates [17]. On the other
hand, Jones et al. [18] state that using coarse recycled aggregates could be a successful substitute
for natural aggregates in the production of concrete; however, these materials can have problems
related to high water absorption and particle distribution. Also, fine recycled aggregates present
poorer mechanical properties than coarse recycled aggregates due to the greater angularity of the
coarse fraction [19] and the difficulty of separating the contaminants (wood, tiles, styrofoam, glass,
and others) [20] contained in the fine recycled aggregates. For example, the addition of wood chips
significantly reduced the splitting tensile strength [20]. However, the use of recycled aggregates is more



Appl. Sci. 2017, 7, 1090 3 of 15

appropriate in cases where there is no need for high structural performance, low water absorption,
and exposure to aggressive environments [21,22].

A construction material that does not require structural function is lightweight concrete, which is
defined as hardened concrete with a specific mass between 800–2000 kg/m3 [23]. Aerated concretes
are a variation within lightweight concretes that have a specific mass between 320–1920 kg/m3 and
a compressive strength above 1.5 MPa [24]. Lightweight concretes can be obtained by the use of
lightweight aggregates in the mixture or by the incorporation/production of air in the form of bubbles
distributed into the mortar [25,26]. The lightweight concretes known as autoclaved aerated concrete
(AAC) are those that are produced with bubbles of air inside the mortar via a chemical reaction process
activated by curing in an autoclave [27]. Another variation of cellular concrete is known as foamed
cellular concrete (FCC), where bubbles of air are incorporated into the mortar by the addition of
preformed foam [28].

Using CDW for the production of foamed cellular concrete has been pointed out as one of the
possible uses for such residue [29]. However, the chemical composition and physical properties of
residues can vary drastically according to the geographic region and the construction processes of
the industry where they are generated. Thus, the main aim of this work was to characterize the
CDW from the Passo Fundo region of Rio Grande do Sul (RS), Brazil, and to evaluate its use for the
production of foamed cellular concrete blocks. This study consisted in determining the influence of
CDW granulometry (CDWG) and foam amount (FA) upon foamed cellular concrete properties.

2. Materials and Methods

2.1. Materials

A Portland cement of high initial compressive strength (CP V-ARI) (InterCement Brasil, Candiota,
RS, Brazil) was used with the following properties: Blaine of 410 m2/kg compression strength after
28 days of 50 MPa; and specific mass of 3000 kg/m3.

The CDW used in the experiments was obtained from a construction and demolition sorting
facility located in Passo Fundo, RS, Brazil. The CDW was processed only by milling and sieving.
Three different CDW granulometries were used in the production of foamed concrete blocks: coarse
(aggregates retained between sieves of 4.75 mm and 1.18 mm), medium (aggregates retained between
sieves of 1.18 and 0.6 mm), and fine (aggregates that were not retained in the 0.6 mm sieve)

The foaming agent used in foam production was water and amide 90 (Alpha Química LTDA,
Porto Alegre, RS, Brazil) in a proportion of 30:1. The amide 90, known as coconut oil diethanolamine
condensate , is a mixture of the diethanolamides of the fatty acids that constitute coconut oil. This
proportion was established in former studies [30]. A mechanical stirrer was used to produce foam
with a density of 75 kg/m3.

2.2. Characterization of the CDW

Three granulometry fractions, coarse (4.75–1.18 mm), medium (1.18–0.6 mm) and fine (<0.6 mm) of
the CDW were characterized by multiple assays in order to determine their granulometric composition.
The Brazilian standard NBR NM 248 [31] considers the mean retained percentage and the mean
accumulated retained percentage in each sieve. Chapman’s assay, as described by Brazilian standard
NBR 9776 [32], determines specific mass. Brazilian standard NBR 6467 [33] describes an assay that
determines the swelling of CDW, which is described as the variation of apparent volume caused by
the absorption of free water by the aggregate grains altering their mass. X-ray fluorescence (XRF)
identifies the chemical elements present in CDW composition. Loss on ignition was also measured,
which is related to the amount of volatile organics and the dehydration of the cement contained in the
CDW. Visual analysis of macrographic images was also conducted in order to verify the constituents
of CDW such as bricks, concrete, wood, and glass, among others. X-ray fluorescence was performed
using a PANalytical-MiniPal 4 equipment (PANalytical B.V., Almelo, The Netherlands).
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The proposed methodology for CDW aggregate swelling determination is based on the successive
addition of water in order to obtain a homogeneous mixture between the aggregate sample and a
moisture content of 0.5% and 12%, by determining the unitary mass at each moisture content. The ratio
between wet and dry volumes for the same unitary mass is expressed by Equation (1).

Vh
Vs

=
δs

δh
× (100 + h)

100
(1)

where, Vh is the aggregate’s volume at h% moisture, Vs is the aggregate’s volume after being oven
dried, δh is the aggregate’s unitary mass after being oven dried, and h is the aggregate’s moisture (%).

2.3. Experimental Design

In this study, two parameters were used as control factors: foam amount (FA) and CDW
granulometry (CDWG). Four levels of FA and three levels of CDWG were used, while all other
parameters were held constant. The water/cement (W/C) ratio was maintained constant by varying
the amount of water, and it was considered that 98% of the foam is water [30]. Five output variables
(responses) were analyzed: compressive strength (CS), wet bulk density (WBD), dry bulk density
(DBD), air void (AV) and water absorption (WA). Foam levels were defined in former experiments that
determined the minimum values of foam for mortar production.

An experimental design matrix with 12 concrete traits was implemented. Six samples of each trait
were prepared: three were used for compressive strength (CS) assays, and the remaining three were
used in the other assays. A total of 72 specimens were produced. The experimental design was based
on a full factorial statistical method with the respective values shown in Table 1.

Table 1. Experimental matrix with all mixtures used.

Order Cement
Amount (g)

Water
Amount (g)

CDW
Amount (g)

CDW
Granulometry

Foam
Amount (g)

Foam (% of
Total Mass)

W/C
Ratio

1 500 271 500 Fine 50 3.8 0.64
2 500 251.4 500 Fine 70 5.3 0.64
3 500 231.8 500 Fine 90 6.7 0.64
4 500 212.2 500 Fine 110 8.1 0.64
5 500 271 500 Medium 50 3.8 0.64
6 500 251.4 500 Medium 70 5.3 0.64
7 500 231.8 500 Medium 90 6.7 0.64
8 500 212.2 500 Medium 110 8.1 0.64
9 500 271 500 Coarse 50 3.8 0.64
10 500 251.4 500 Coarse 70 5.3 0.64
11 500 231.8 500 Coarse 90 6.7 0.64
12 500 212.2 500 Coarse 110 8.1 0.64

An analysis of variance (ANOVA) was used to determine the influence of factors upon output
variables. Factors were considered to be significant for p-values equal to or lower than 0.05 (critical
value adopted), which indicates a confidence level equal or superior to 95% with respect to what is
being stated. The percentage contribution of each factor was also determined.

2.4. Characterization of Foamed Concrete Cylindrical Blocks

Experimental tests for the determination of CS, WA, AV, WBD, and DBD were used in the
characterization of foamed concrete blocks. Also, the amount and mean pore size were determined
through macrographs of the specimens. The software used during image processing was ImageJ.

Axial compression strength tests were performed using an EMIC PC 100C (EMIC-PC100C, Instron,
Norwood, MA, USA) hydraulic press following Brazilian standard NBR 5739 [34].
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Values of WA (%) by immersion, WBD (kg/m3), DBD (kg/m3), and AV (%) were obtained after
testing as described by ASTM C948-81 [35] and NBR 9778 [36] standards, which are expressed in the
following equations:

WA =
Wsat − Ws

Ws
× 100 (2)

WBD =
Wsat

Wsat − Wi
× 1000 (3)

DBD =
Ws

Wsat − Wi
× 1000 (4)

AV =
Wsat − Ws

Wsat − Wi
× 100 (5)

where: Wsat is the mass of the saturated specimen, Ws is the mass of the oven dried specimen, and Wi
is the mass of the specimen saturated and immersed in water.

To analyze pore sizes, two specimens of each sample were prepared: one specimen for the
longitudinal section, and another for the transverse section. The specimens were prepared with the
dimensions of 20 × 20 × 20 mm, and were, in sequence, embedded with an epoxy resin and sanded
with following sequence of sand paper: #100, #220, #320, #400, #600, and #1200. In order to increase the
contrast between the pores and the matrix, samples were cleaned to remove possible residues and then
treated by applying two coats of permanent marker. Once the marker was dry, sodium bicarbonate
(a white powder with a minimum particle size of 5 µm) was added on the samples to cover the pores,
and left on the concrete surface for contrast by image analysis, that is, a dark concrete matrix and white
pores. Macrographic images were taken with a camera. This analysis technique is described in British
standard BS EM 480-11 [37] and by other authors [38,39].

3. Results

3.1. Characterization of CDW

CDW residue was characterized for granulometry, specific mass, swelling, and by X-ray
fluorescence, loss on ignition, and image visual analysis. Figure 1a–c show the CDW fine, medium,
and coarse granulometry, respectively. The presence of different materials such as wood, Styrofoam,
glass, concrete, brick, and paint among others can be observed. These materials are characteristic of
CDW residues and, according to some authors, can influence concrete properties. The amount of wood
can increase WA and decrease CS [40]. The addition of Styrofoam to the concrete can reduce its density,
and consequently decrease CS as well as improve its thermal conductivity [41,42]. The addition of glass
residues to the concrete can induce an alkali–silica expansive reaction that occurs between the alkali in
the cement and the silica in the glass, causing serious problems of cracking that compromise concrete
durability. However, glass particle sizes smaller than 100 µm do not react with silica, so concrete
durability is assured [43].
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The graph in Figure 2 shows the distribution of accumulated undersized CDW aggregates as a
function of average particle diameter. It can be observed that approximately 95% of the CDW classified
as coarse has aggregates with a diameter between 4.75 and 1.2 mm, 4.5% are between 1.2 and 0.6 mm,
and 0.5% are smaller than 0.6 mm. With respect to CDW classified as medium, approximately 10% of
the aggregates have a diameter between 4.75 and 1.2 mm, 46% are between 1.2 and 0.6 mm, and 44%
are smaller than 0.6 mm. As for the CDW classified as fine, approximately 99% of its aggregates have
a diameter smaller than 0.6 mm, and 1% between 1.2 and 0.6 mm. The fineness modulus for coarse,
medium, and fine CDW granulometry were found to be respectively 3.4, 2.44, and 2.24; and maximum
diameters were 4.75 mm, 1.18 mm, and 0.6 mm. The fineness modulus values obtained for CDW
granulometries are in accordance with the limits established by Brazilian standard NBR 7211 [44].
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Figure 2. Cumulative underflow distribution of different CDW granulometries and normal upper and
lower limits for concrete production.

Figure 2 also shows the upper and lower limits of fine aggregate distribution for concrete
production following the NBR 7211 [44] standard method. According to these limits, it can be seen
that the medium granulometry curve is contained within the usual ranges, the fine CDW distribution
is found to be practically at the lower limit, and the coarse distribution is found above the upper limit
of natural fine aggregates used in concrete production.

The specific mass was determined via Chapman’s test. For coarse CDW granulometry, the specific
mass was found to be 2450 kg/m3 and 1 cm3 of floated material; for medium granulometry, the specific
mass was found to be 2430 kg/m3 and 4 cm3 of floated material; and fine granulometry showed a
specific mass of 2420 kg/m3 and 1 cm3 of floated material. The results showed little specific mass
differences between different CDW granulometries. These results are in agreement with former studies
run by Angulo (2005).

Considering that fine grained aggregates have high water retention capacity, it is important to
consider swelling due to WA during concrete production for particle size distribution whenever added
in terms of volume. According to NBR 6467 [33] Brazilian standard, the swelling can vary from 20%
to 40%. For this, the swelling coefficient (ratio between wet and dry volumes) and critical moisture
for different CDW granulometry was determined. Figure 3 shows swelling as a function of moisture
content; the critical moisture values for coarse, medium, and fine granulometry fractions were 7.3%,
7.8%, and 9%, respectively. These results indicate that the amount of water absorbed by CDW residue
caused an increase in volume. Also, fine granulometry CDW residue needs a greater amount of water
to obtain the same swelling volume as medium and coarse granulometries. However, such addition of
water can led to mortar expansion which, when exposed to the sun, will lead to water loss through
elevated drying by shrinkage and cracking [45].
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Curves found for CDW residue swelling present a similar behavior to those found by Fonseca [45],
where there was a small decrease in volume at 10% moisture (Fonseca found 16%). This behavior was
probably due to a lubrication effect between the fine particles of the aggregate and a water film for this
given water addition [45]. Swelling values for coarse, medium, and fine aggregates were 22%, 25%,
and 28%, respectively (Fonseca [45] found 48%). The aggregate swelling test indicates that the recycled
aggregate has a higher critical moisture for the same swelling coefficient.

The results listed in Table 2 show the X-ray fluorescence for different CDW residues
granulometries obtained from quantitative analysis and accomplished via molten sample technique
with calibration curves from rock standards. Values are shown as a percentage of sample weight; Nd
means “not detected” by the method. Loss on ignition (volatile presence) was evaluated through
gravimetric techniques and is indicated as LOI.

Table 2. X-ray fluorescence (XRF) chemical analysis for CDW.

Oxides
CDWs Residue Granulometry

Fine Medium Coarse
SiO2 78.38 77.75 73.05
Al2O3 3.39 3.74 4.83
TiO2 0.24 0.23 0.35
Fe2O3 1.30 1.39 1.96
MnO 0.06 0.05 0.06
MgO 1.23 1.23 1.38
CaO 6.53 6.72 8.43
Na2O Nd Nd Nd
K2O 0.84 0.93 1.15
P2O6 0.06 0.04 0.06
SO4 1.02 0.79 1.02
LOI 6.96 7.13 7.71
Total 100.0 100.0 100.0

The analysis of XRF for CDW residue shows that the higher concentrations are related to SiO2,
73.05% to 78.38%, which has an origin associated with natural aggregates of concrete and mortar, and
CaO, 6.53% to 8.43%, which is associated with binders. XRF results also indicate Mg and Ca, which
can be present as carbonates. If Mg and Ca are in oxide shape, the presence of CaO and MgO in the
concrete can be dangerous, since they can induce pathologies over time (expansions). Al2O3 is also
present in concentrations varying from 3.39% to 4.83% from the presence of red ceramics and soil and,
secondly, due to the presence of feldspar and cement in the CDW residue. A mean SO4 concentration
of 0.94% is possibly due to the presence of plaster in the residue [46]. This percentage is below the
amount of plaster found in residues from this region analyzed in former studies (around 2.4%) [10].
The amount of K2O found in the residue can induce an alkali–silica reaction in the concrete.
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The variation in CDW granulometry influences the amount of SiO2; that is, the CDW with
fine granulometry has a greater amount of SiO2 than medium CDW and is, in turn, greater than
coarse CDW.

The loss on ignition (LOI) varied from 6.96% to 7.71%, and was essentially related to the loss of
volatiles by the release of combined water and carbon dioxide from hydrated calcium silicates and
hydrated lime and carbonates. It was also related to water released from phyllosilicates present in
soil, ceramics burnt bellow 500 ◦C, and other minor minerals present in coarse natural aggregates
(gravel obtained from rocks such as granite) [46,47]. Another observation is that increases in CaO (%)
ultimately related to the amount of CaCO3 will increase LOI values, since CaCO3 yields CaO + CO2.
Results found in this study were similar to those obtained by Angulo et al. [47] and Silva [48] in
different regions in Brazil.

3.2. Compressive Strength—CS

A CS ANOVA with 95% confidence can be seen in Table 3. This shows that CDW granulometry
has a significant influence upon CS by a contribution of 15%. Studies performed by Haach et al. [49]
also found a small influence of granulometry on CS; however, natural sand was used as aggregate.
FS also significantly influenced CS by a contribution of 71%. For the interaction between factors, FA and
CDW granulometry did not influence each other; herein, no interaction is considered between them.

Table 3. Compressive strength (CS) An analysis of variance (ANOVA).

Factor Degrees of
Freedom

Sum of
Squares

Mean of
Squares F-Value p-Value Percent

Contribution

CDW granulometry (CDWG) 2 4.0905 2.0453 14.873 0.0001 15
Foam amount (FA) 3 19.3912 6.4637 47.004 0.0000 71

Interaction between CDWA and FA 6 0.6304 0.1051 0.764 0.6053 2
Error 24 3.3003 0.1375 12
Total 35 27.4124 100

Figure 4 shows CS with respect to FA for the different granulometries. It can be seen that
increasing FA reduces CS due to the incorporation of air into the mortar, which reduces its density.
The specimens with coarse CDW showed higher values of CS than those with medium CDW, and those
higher than fine CDW. This phenomenon can be explained; the fine-grained residue absorbs more
water than coarse. The WA allows the coalescence of foam bubbles inside the mortar, and consequently,
an increase in the size of the bubbles and air content, which lessens density and CS. Results are in
agreement with former studies by Nambiar and Ramamurthy [50] and Haach et al. [49].
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The average values for CS are above the minimum values established by the Brazilian standard
NBR 13438 [51] for autoclaved cellular concrete (values of at least 1.2–1.5 MPa at densities between
400–600 kg/m3). The specimen produced with 8.1% of FA related to total mass and fine CDW was an
exception, with an average CS value of 0.6 MPa.

3.3. Dry (DBD) and Wet (WBD) Bulk Density

The ANOVA (95% significance) for DBD and WBD in water are shown in Tables 4 and 5,
respectively. FA and CDWG factors had significant influences on DBD and WBD. There is also
an interaction between factors; thus, one factor can influence the other for both densities.

Table 4. Dry bulk density (DBD) ANOVA.

Factor Degrees of
Freedom

Sum of
Squares

Mean of
Squares F-Value p-Value Percent

Contribution

CDW granulometry (CDWG) 2 51,367 25,683 85.55 0.0000 10
Foam amount (FA) 3 440,010 146,670 488.57 0.0000 81

Interaction between CDWG and FA 6 41,163 6860 22.85 0.0000 8
Error 24 7205 300 1
Total 35 539,744 100

Table 5. Wet bulk density (WBD) ANOVA.

Factor Degrees of
Freedom

Sum of
Squares

Mean of
Squares F-Value p-Value Percent

Contribution

CDW granulometry (CDWG) 2 87,120 43,560 146.8 0.0000 45
Foam amount (FA) 3 67,239 22,413 75.5 0.0000 35

Interaction between CDWG and FA 6 31,670 5278 17.8 0.0000 16
Error 24 7122 297 4
Total 35 193,151 100

The behavior of DBD and WBD as a function of FA and CDWG can be seen in Figure 5a,b.
Figure 5a shows that increasing FA in the mortar causes a nonlinear DBD decrease. The WBD was
shown to be almost constant for FA variations from 3.8% to 5.5% and from 6.7% to 8.1%. However, there
was a decrease in WBD with an FA increase from 5.3% to 6.7%. Figure 5b shows that both densities
(dry and saturated) decrease with an increase in CDWG. With a smaller addition of foam, the bubbles
of air incorporated gather by dehydration, creating larger bubbles. These density variations occur
given an increase in water content (FA increase) that makes bubbles collapse by a reduction of the
hydro-lipophilic film, which makes them less resistant to the strength of the medium [52,53]. It is also
due to the union of air bubbles incorporated into the mortar by dehydration; that is, it is a consequence
of having CDW granulometry variation.
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A significant difference between DBD and WBD values can also be observed. This difference is
associated with elevated values of WA, which are discussed below.

3.4. Water Absorption (WA)

The ANOVA for WA, as seen in Table 6, shows that CDWG and FA, as well as the interaction
between them, showed significant influences (95% significance) upon WA in produced concrete blocks.
The factor that contributed the most to WA behavior was FA, with an 87% value.

Table 6. Water absorption (WA) ANOVA.

Factor Degrees of
Freedom

Sum of
Squares

Mean of
Squares F-Value p-Value Percent

Contribution

CDW granulometry (CDWG) 2 153.4 76.7 6.66 0.0050 1
Foam amount (FA) 3 12,308.3 4102.8 356.19 0.0000 87

Interaction between CDWG and FA 6 1396.0 232.7 20.20 0.0000 10
Error 24 276.4 11.5 2
Total 35 14,134.1 100

WA as a function of FA and different CDW granulometries is shown in Figure 6; increases in FA
associated to increases in WA were observed. This phenomenon occurs given an increase of total AV
and an increase in the connectivity between pores (higher capillarity) [23]. Curve intersections indicate
that there was an interaction between FA and CDWG (factors); that is, there was different behavior in
terms of WA at different levels of CDWG and FA. In this context, medium size CDW had less variation
of WA than the other granulometries with an increase of FA. Nambiar and Ramamurthy [54] also
found an increase in WA as a function of FA when boiler ash was used as a substitute for natural sand.
However, they found different results for natural sand (water absorption decreased with an increase of
foam). High WA values were found for concrete blocks made with CDW residue, where WA varied
from about 30% to 90%. The variation in WA values possibly occurred due to the different capillarities
found in concrete blocks.
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3.5. Air Void (AV) Investigation

Based on Table 7, which shows a quantitative ANOVA for pores, it is possible to ensure that CDWG
and FA (factors) have a significant influence (95% confidence) on the amount of pores in concrete blocks.
There was also an interaction between both factors in pore formation, 17% contribution. Again, FA
added to the mortar was found to be the most significant factor contributing to pore formation (78%).
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Table 7. ANOVA for air void (AV).

Factor Degrees of
Freedom

Sum of
Squares

Mean of
Squares F-Value p-Value Percent

Contribution

CDW granulometry (CDWG) 2 110.21 55.11 30.87 0.0000 4
Foam amount (FA) 3 2135.52 711.84 398.76 0.0000 78

Interaction between CDWG and FA 6 457.40 76.23 42.70 0.0000 17
Error 24 42.84 1.79 1
Total 35 2745.97 100

Results for AV as a function of FA for different CDW granulometries are presented in Figure 7.
Specimens constructed with coarse CDW had smaller AV variations, on average. Specimens
constructed with fine CDW also showed increases in FA paired with AV increases. As for specimens
made with medium and coarse CDW granulometries, an increase of AV for increases in FA from 3.8%
to 5.3% was shown. However, AV remained almost constant for FA from 5.3% to 8.1%. It is understood
that these variations might be caused by changes in CDW granulometry that interfered significantly
with pore formation. The intersection of curves in Figure 7 represents the interaction between factors
on AV.
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Figure 8 presents typical binary images of transversal sections of the 12 specimens in sequence,
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Figure 9 shows cumulative frequency as a function of average pore diameters for different
amounts of foam. Figure 9a–c refer to fine, medium, and coarse CDW granulometries, respectively.
Results indicate that pore sizes, which are considered to be perfect circles, showed a variation from
20 µm to 1200 µm. Based on D10, D50, and D90 (which are used to represent the mean and ranges of
particle sizes), it can be stated that there was a slight increase in the diameter of pores when there was
an increase in FA from 3.8% to 5.3% (D10—62 µm to 95 µm; D50—325 µm to 395 µm; D90—838 µm to
910 µm), while pore diameter remained almost constant with FA increases from 5.3% to 8.1%. Medium
pore sizes were found to be: D10—80 µm; D50—372 µm; D90—903 µm.
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Another aspect with respect to pore sizes that can be noticed is an increase in the average D10 and
D50 sizes for increases in DWG granulometry (fine: D10—52 µm, D50—347 µm; medium: D10—80 µm,
D50—355 µm; coarse: D10—98 µm and D50—379 µm). For D90 changes that are not linear, medium
CDW pore diameters had the smallest sizes of all fractions (D90—865 µm), which remained almost the
same for fine (D90—899 µm) and coarse (D90—897 µm) fractions. Findings for D50 and D90 are in
agreement with Nambiar and Ramamurthy [39] for foam volumes of 40% and 50%.

4. Conclusions

In the present work, foamed concrete blocks were developed with the addition of construction
and demolition waste (CDW) as a substitute aggregate of natural sand. Based on the results and
discussion, the following conclusions are made:

• CDW can be used as an aggregate in the manufacture of foamed concrete blocks, reducing the
liabilities of construction civil companies and reducing environmental impacts due to the irregular
disposal of this waste. Also, with the use of this residue, it is possible to reduce the consumption
of natural sand, which is a finite aggregate and its extraction causes environmental damages,
mainly in riverbeds and lakes.

• The results of the CDW characterization show that the granulometry and the chemical composition
were suitable for the development of foamed concrete. It is relevant to note that CDW was used
only with the sifting process. According to the Brazilian standard NBR 7211, the CDW with
medium distribution granulometry is the most appropriate for the development of cellular
concrete blocks. The chemical elements, densities, fineness modulus, and swelling found in the
CDW from Passo Fundo, RS region resemble the CDW of other Brazil regions.

• For the concrete blocks developed, foam amount and CDW granulometry had significant
influences on compressive strength, dry and wet density, water absorption, and air voids.
Foam amount was the independent variable with the highest influence on dependent variables.
However, in order to improve the properties of foamed concrete blocks, other proportions of
foams may be studied, and also the addition of additives in the concrete may be made with greater
compressive strength. In this way, the concrete blocks can be competitive with concrete blocks
already marketed.
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