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Analysis of Concrete Blocks with Rubber and Recycled Glass and Their Use in Low-Rise
Structures

D. DOMINGUEZ-SANTOS, Francisca E. SEPULVEDA LAGOS

Abstract: Concrete blocks are one of the most widely used construction elements in the world of construction, due to their good mechanical behaviour, easy placement and
versatility in structures, enclosures and partitions. Despite their good construction characteristics, their defects involve their flexural-tensile strength behaviour and their
thermal and waterproof behaviour. This research aims to improve these behaviours, using materials that improve these properties but without making the product more
expensive and respecting the environment, as the glass and the rubber is recycled. The different laboratory tests carried out (mechanical, thermal and waterproof) show how
small quantities (0.625%, 1.250% and 2.500% by mass instead of sand and gravel) of these recyclable materials improve the most deficient properties of the traditional
block. It is demonstrated that the use of these new blocks improves the structural and thermal properties of the traditional block, computationally in a three-dimensional

three-storey model.
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1 INTRODUCTION

The high levels of structural, waterproof and thermal
requirements in construction are the result of technological
advances and technical improvements introduced by the
requirements of building regulations, seeking more
effective, more efficient and more economical solutions for
the well-being of people. In addition to this, in recent years,
society has demanded the need to use more sustainable
materials. Construction is responsible for a significant part
of the generation of polluting waste, which significantly
affects the well-being of society and the development of
countries [1]. To mitigate this environmental impact,
priority is given to choosing less polluting materials [2],
incorporating other criteria in construction, such as
sustainability and economy [3].

All of this has led to the investigation and study of
materials and construction elements, to optimise their
characteristics and try to improve the most deficient
properties, complying with the high standards required by
the standards in different countries [4], while improving
the quality of the environment by re-using highly polluting
disposable materials.

Of all the construction materials studied, concrete is
one of the most widely used materials in the world due to
its great versatility in construction, not only in finishes
(enclosures, partitions, floors etc.) but also in structures. It
is a material with good properties and construction
characteristics but it does have some deficiencies, such as
its thermal behaviour, mechanical behaviour in terms of
flexural-tensile strength or its high polluting rate on the
environment during its production [60-62].

One of the processes meeting sustainable conditions,
related to environmental protection and the
overexploitation of raw materials, is recycling (Global
Recycling Foundation [63]). That is why minimising high
energy consumption in the production and manufacturing
of highly polluting materials such as concrete, contributing
to improving energy efficiency, is done through the
introduction of new materials to the chemical composition
of the original materials [5, 6].

There are studies of additives being incorporated into
traditional concrete, seeking to improve some of these

deficient characteristics such as, for example, resistance or
durability, by reducing the amount of cement and CO»
emissions, thus favouring sustainable construction [7]. In
addition to this, there are other studies that seek to improve
other characteristics, such as the thermal properties of
concrete [8], acoustic properties [9], durability, mechanical
and waterproof properties [10].

The novelty in this research lies in the development
and performance of laboratory testing of prefabricated
concrete blocks, incorporating rubber fibres and recycled
glass in their composition, and analysing their properties,
instead of analysing the concrete as a material, using these
additives [49, 50, 57-59]. Finally, the results of the
laboratory tests are used in the structural and energy
modelling of a building, comparing it with traditional
blocks. The main novelty of this research lies in the
inclusion of both materials acting together, a topic not
extensively studied in the scientific literature [78-85].
Furthermore, the decision to use concrete block specimens
instead of cubic or rectangular concrete specimens
introduces a novel approach to the analysis of the
structural, waterproofing (absorption), and thermal
behavior of a widely used construction element: walls and
partitions. Moreover, modeling the element within a frame
structure, using the mechanical values obtained in the
laboratory, and analyzing its structural behavior makes this
a more innovative, unique, and practical study).

2 MATERIALS AND METHODS
2.1 Sample Manufacturing

For the production and testing of concrete blocks, the
following regulations were considered:
1. NCh181 (2006) [11]. Concrete blocks for structural
use - General requirements. This standard establishes the
requirements that concrete blocks must meet for structural
use, classifying them according to the density of the
mixture.
2. NCh182 (2007) [29]. Concrete blocks for structural
use - Trials. This document establishes the test methods for
structural concrete blocks.
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3. NCh853 (2007) [31]. Thermal conditioning - Thermal
envelope of buildings - Calculation of thermal resistance
and transmittance.

4. NCh1038 (2009) [30]. Flexural-tensile strength test.
This standard establishes the flexural-tensile strength test
procedures.

5. NCh1498 (2012) [74]. Concrete and mortar - Mixing
water - Classification and requirements. This standard
establishes the classification and requirements of the
waters that must be used in the mixing of concrete and
mortar.

6. NChl63 (2013) [75]. Aggregates for mortar and
concrete - Requirements. This standard specifies the
properties of aggregates to produce mortar and concrete.
7. NCh170(2016) [12]. Concrete - General requirements.
This standard designates the minimum general
requirements that must be considered to classify concretes
according to their compressive or tensile strength. In
addition, it establishes how the stages for the manufacture
of concrete must be executed, depending on its density.

8. NCh148 (2016) [76]. Cement - terminology,
classification and general specifications. This standard
specifies and classifies the cements used in concretes.

To determine the dosage of the concrete used in the
blocks, the Faury-Joisel method [64] was used based on
granulometric principles. This involves obtaining a
granulometric curve referring to the process, known as (L).
In this process, cement is combined with the available
aggregates and the curve is obtained by the nominal
maximum size of the coarse aggregate (Dn) and the desired
concrete strength, known as design strength (fd), at 28
days.

The ideal curve L (Fig. 4) is represented by a graph
made up of two coordinate axes (X, Y). The abscissa axis
(X) represents the fifth root of the sieve opening occupied
by the aggregate granulometry, expressed in mm. On the
other hand, the ordinate axis (Y) represents the percentage
of absolute volume of solid materials on a linear scale.

In this study, hollow structural blocks were made with
the dimensions stipulated in NCh181. For the manufacture
of the external formwork of the hollow concrete blocks, an
18 mm thick phenolic sheet was used. Inside, hollows were
made of expanded polystyrene, as shown in Fig. 1. The
resulting hollow concrete block had the dimensions 39 x
19 x 19 cm?, complying with the provisions of NCh181.

Figure 1 Molds for hollow concrete blocks

Having described the production of traditional
concrete blocks in compliance with the regulations, the
dosage and selection of aggregates incorporated into the
concrete mixtures in the blocks was justified. The choice

of the two materials used in this research (for the new
concrete dosage) resulted from the improvement of the
most deficient properties of traditional concrete. With
recycled glass, the aim was to improve the thermal and
resistant properties while, with recycled rubber, the aim
was to improve the thermal insulation, the flexural-tensile
strength behaviour, the durability and the permeability.
The choice of these materials was influenced by the
existing amount of waste of these materials, with the aim
of reusing them and helping the environment.

All the samples were taken at the same time, so that
the climatic variations which could affect the resistance of
the blocks did not occur. Likewise, the origin of all the
materials used in the composition of the blocks was the
same in all cases. The purpose of using materials from the
same source, as well as similar environments,
temperatures, and testing times, is to avoid discrepancies
in the results obtained, since the properties of materials
differ greatly depending on their exposure conditions and
chemical composition. Variations in any of these factors,
especially the origin of the materials, could have caused
significant discrepancies in the results.

Based on the background and the existing scientific
literature on the incorporation of rubber and recycled glass
in the concrete mixture, it is concluded that the
incorporation of additives in large proportions (by volume)
significantly affects its resistance, due to the greater
amount of recycled material used in the manufacture of the
blocks. Because of this, the dosages used for these
aggregates were specified in relation to their weight [65],
justifying what was established in NCh170 [12].

The use of recycled glass in the mixture (from glass
bottles) replaced the sand. The size of the glass particles
was between 2.50 and 4.75 mm in diameter, achieving a
homogeneous mixture. Fig. 2 shows the crushed glass used
in the mixtures. For this addition, previous studies and
research were followed [14-20].

Figure 2 Recycled glass granules

On the other hand, recycled rubber from tyres replaced
the coarse aggregate so that they adhered correctly,
obtaining a homogeneous mixture. The size of the rubber
particle fibres was between 0.60 and 2.50 mm, with a fibre
length between 30 and 33 mm. Fig. 3 shows the crushed
rubber (fibres) used in the mixtures. For this replacement
material, previous studies and research include [21-28].

For this research, three dosages of these two additives
(rubber and glass) were tested, limiting the quantities
according to those described in other research, with the aim
of finding more optimal solutions in terms of sustainability,
while improving the most deficient properties of concrete.
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In all mixtures, the same proportion of glass and rubber
were used: 0% (traditional concrete Block A), 0.625%
(Block B), 1.25% (Block C) and 2.50% (Block D).

hIEigul:e 3 Recycled rubber fibres

A total of 24 samples were taken, 6 of each type
(A-D). Of these, 3 will be tested in compression and 3 in
flexural tensile strength. Prior to these destructive tests,
non-destructive tests will be performed on the samples:
thermal permeability tests and workability tests
(consistency of fresh concrete, by the slump test, UNE-EN
12350-2).

Finally, the tests carried out proved that the
compressive and flexural-tensile strength of the concrete,
as well as the moisture absorption of the blocks, met the
minimums established by NCh181. In the same way, it was
proven that the thermal characteristics met the criteria
established by the Ministry of Housing and Urban
Development (MINVU) and the regulations of the General
Urban Planning and Construction Ordinance (OGUC) of
Chile.

3 SAMPLES ASSESSMENT
3.1 Results and Properties of the Concretes Used in the
Blocks

To determine the production of different concretes, the
following results are established:

The curve (L) used in the granulometry of the
manufactured concrete is the one shown in Fig. 4.
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Figure 4 Graphic granulometric method

Once the granulometry of the different materials that
make up the concretes had been determined, the quantities
(by weight and volume) corresponding to 1 m® of
traditional concrete were as shown in Tab. 1 and the
quantities (by weight) of each material used for each block
were as shown in Tab. 2.

Once the quantities of the materials used in each of the
blocks were determined, the densities and average masses
of each of them were as presented in Tab. 3. Considering
the classification of the weights of the concretes in
NCh181, all the blocks are classified as 'Normal', i.e.
concretes with densities greater than 2000 kg/m®. As
shown in Tab. 3, the inclusion of rubber and glass in the
mixtures decreases the density and, therefore, the weight of
the concretes. In addition, the percentages of weight
reduction are shown in parentheses, compared to the
traditional Block A, with the blocks being reduced by up to
8%.

Table 1 Quantities of materials used in traditional block concrete (A)

Material Quantity in Weight / | Quantity in Volume /
kg m’
Gravel (G) 1075.06 0.405
Sand (F) 640.07 0.247
Cement (C) 441.82 0.143
Water (A) 203.40 0.203
Table 2 Dosage (mass) of the glass and rubber in concretes in each of the
blocks (A-D)
Materials Block A Block B Block C | Block D
(0%) (0.625%) (1.25%) | (2.50%)
Gravel (G) / kg 8.12 8.10 8.08 8.04
Sand (F) / kg 4.84 4.80 4.78 4.71
Cement (C) / kg 3.34 3.34 3.34 3.34
Water (A) / kg 1.54 1.54 1.54 1.54
Rubber fibers / g 0.00 23 44 89
Glass granules / g 0.00 33 65 125
Table 3 Average physical properties of the blocks
Block A Block B Block C Block D
Mass | Density | Mass | Density | Mass | Density | Mass | Density
/kg | /kgm® | /kg | /kg/m® | /kg | /kgm® | /kg | /kg/m?
2308.64 2262.45 2189.86
21.46 | 2360.35 | 20.99 (~2%) 20.57 (—5%) 19.91 (-8%)

To determine the docility of the fresh concretes in this
investigation, the 'Abrams Cone' slump test was used. Tab.
4 shows the slumps and classification of the concrete used
for each of the blocks, according to NCh170. Traditional
concrete (A) has a soft docility, while concretes with
rubber and glass additives in the mixtures (B-D) make the
samples more compact, classifying them as having plastic
docility. Fig. 5 shows some of the tested block specimens.

Table 4 Docility of each mixture

Concrete type Cone settlement / cm ggg{;:;;?gg?;of
Concrete A (0%) 6.3 6-9 (Soft)
Concrete B (0.625%) 52 3-5 (Plastic)
Concrete C (1.25%) 4.1 3-5 (Plastic)
Concrete D (2.5%) 33 3-5 (Plastic)

Figure 5 Samples of tested blocks
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Fig. 6 shows some images of the docility tests
performed with the Abrams cone.

Figure 6 Docility test (Abrams cone)
3.2 Compression Strength Tests

The procedure for this test was carried out in
accordance with the NCh 182 standard [29]. After carrying
out a drying process on the facing of the contact surfaces
of the block, two 10 mm thick metal plates were placed.
These smooth and flat metal plates allowed a uniform
distribution of the load of the hydraulic press (Fig. 7). Once
the block was placed in the machine and the height and
base dimensions were noted, the compression strength
testing began, applying an incremental and uniform load at
a constant speed of 0.25 MPa/s = 0.05 MPa/s, until failure
of the block. The tests were carried out after 28 days of
drying, when the concrete reached its maximum strength.
The results obtained, the average of 3 samples tested for
each of the types of Block tested will be calculated, which
is shown in Tab. 7.

Figure 7 Hydraulc press used in the compression strength tests
3.3 Flexural-Tensile Strength Tests

The procedure for this test was carried out as
established in the NCh1038 standard [30]. As with the
compression strength test, the mass, height, and width were
recorded, marking the two contact points that the machine
used to apply the load, as shown in Fig. 8. Once the block
was installed in the machine, the incremental load started
at a constant speed, between 0.86 and 1.21 MPa/min, until
the block failed. The tests were carried out after 28 days of
drying, when the concrete reached its maximum strength.
The results obtained, the average of 3 samples tested for

each of the types of Block tested will be calculated, which
is shown in Tab. 8.

-2
Figure 8. Hydraulic press used in the flexural-tensile strength tests
3.4 Thermal Tests

To measure the thermal transmittance of the block, a
hermetic container was specifically designed for the
concrete block (Fig. 9a). Placing the block in the container
allowed one of the side faces of the block to be exposed to
the outside environment, thus measuring the temperature
variations between the outside and the inside of the
insulated container. The measurement of each block was
measured through three sensors in contact with the block,
which were connected to a TESTO 435-2 measuring device
(Fig. 9b), responsible for recording and transmitting the
measurement values to a computer. The outside
temperature was determined with another wireless device
that transmitted the measurement data via Bluetooth to the
TESTO 435-2 device.

4
s

(b) TESTO 435-2 device

(a) Hermetic container for thermal
testing

Figure 9 Thermal tests

To obtain reliable results, a temperature difference of
about 15 °C between the outside and inside was ensured.
With this value (transmittance), the conductivity and
thermal resistance of each block (NCh853 [31]) was
calculated, considering its thickness.

All measurements were taken using a sealed container
with 5-8 cm thick expanded polystyrene walls (Fig. 9a),
leaving the block face exposed. Three measuring sensors
were attached to this block and connected to the TESTO
435-2 device (Fig. 9b) and a computer. A temperature
difference of 15 °C between the inside and outside of the
container was ensured. This device has proven successful
in professional applications for measuring the thermal
transmittance of building envelopes. It complies with
UNE-ISO 9869-1 "Thermal insulation. Building elements.
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In-situ  measurement of thermal resistance and
transmission: heat flow meter method". Furthermore, the
device manuals mention the use of ASTM standards
(C1046 and C1155) for on-site measured U-value,
although these standards are not as common as ISO 9869.
This device, with its U-value probe, measures three
temperatures: interior, exterior, and the surface of the
building envelope, recording the heat flow to automatically
calculate the U-value. Additionally, Testo Industrial
Services is accredited according to ISO/IEC 17025,
through which the devices are calibrated.

3.5 Permeability Test

To measure the moisture absorption of each sample,
water absorption and capillarity testing of the blocks were
carried out according to the process detailed in the NCh182
standard [29].

Water absorption. To perform this test, three samples
of complete blocks were made and marked, recording their
mass. For the process, the test pieces were immersed in
water at a temperature between 15 and 27 °C, for a period
of 24 hours. These test pieces (Fig. 10) were suspended by
a metal wire inside a metal basket, recording the
submerged mass (1¥;). After 24 hours, they were removed
from the water and left to drain for a minute, placing them
on a sieve with an opening of 9.5 mm. Subsequently, the
visible water was removed from the surface with a damp
cloth, recording the saturated mass (W;). After performing
the saturation process, the test pieces were dried in an oven
at a temperature between 100 and 115 °C for 24 hours.
After this time, the constant mass (/) of each test piece
was recorded.

Figure 10 Water absorption test with the block submerged

Capillary absorption. For the measurements of the
execution of this test, the three marked blocks were used,

recording their mass, being dried in an oven at a
temperature of 70 £ 5 °C, until reaching a constant mass.
Subsequently, the blocks were left to rest, to measure the
mass of each one, recording its W, value, in grams (g).
Then, the blocks were immersed in a sheet of water no
higher than 5 mm in height. Finally, the weights of each
test piece (W;) were recorded at different times, controlling
and recording the amount of water that each block was
absorbing

4 BUILDING MODEL

In this study, a three storey building was considered,
designed with frame structures (Fig. 11a). The span length
between columns was 5 m, with four spans in direction X
and three spans in direction Y. The floor plan dimensions
were, therefore, 20 x 15 m?. The most resistant direction
was the X direction (where the beams were located); in the
Y direction, the joints were considered rigid, with resistant
frames assumed, i.e. those existing in the perimeter of the
building (where the enclosures were located). The
floor-to-floor height was 3 m, leading to a total height of 9
m for the three-storey building. The floor plan of each
model comprised 12 c¢cm thick unidirectional slabs, which
acted as a rigid diaphragm. The covering used in each
structural section was 2.5 cm. The arrangement of the
concrete block walls were as shown in Fig. 11b.

Figure 11 Structural Model
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The size of the structural sections used in the beams
and columns are shown in Tab. 5. Likewise, the total
structural weight of each model, including beams,
columns, slabs and infill walls, are shown in Tab. 5. The
value in parentheses indicates the weight percentage, with
respect to the bare model.

Table 5 Structural sizes and weights for the three-storey building

Case Beams / cm* | Columns / cm? | Weight structure / kN
Bare frame 3767.41
Block A 5108.40 (+36%)
Block B 30 x 40 30 x 30 5079.14 (+35%)
Block C 5046.82(+34%)
Block D 5010.90 (+33%)

The amount of reinforcement used in the sections was
between 1.5 and 2.0% of the concrete section. In addition,
these reinforcement proportions were designed based on
the professional experience of the research team and on
regulatory requirements. Thus, for the 30 x 30 cm?
columns, twelve 16 mm diameter bars were used. As for
the 30x 40 cm? beams, twelve 16 mm diameter bars were
used. Finally, for both columns and beams, stirrups made
from 10 mm diameter bars were placed every 15 cm along
each element. The steel used for the bars was B500S steel.

5 STRUCTURAL ASSESSMENT

The structural elements were modelled as finite bar
elements. Each structural element (columns and beams)
was individually characterised, following the prescriptions
proposed by Mander for concrete [32] and the Ferrara
bilinear model [33] for steel reinforcement.

In particular, the beams were represented by non-linear
finite bar elements [34, 35], where the non-linearities are
concentrated in the plastic hinge located at the ends of the
bars (corresponding to 15% of the total element length)
[36]. The model mentioned by Scott et al. [37] was used,
where the joints/connections between the concrete
columns and beams were rigid and the hysteretic behaviour
representing the stress distribution was calculated with
fibre models, based on the material properties and the cross
section of the structural elements (discretised with 300
fibres). In the model, the loads were applied to the beams.
The tolerances used for the displacements and rotations
were of the order of 107 in all cases, with a maximum
number of 300 iterations [38].

The simulation of the mechanical behaviour of each
material in the frame elements requires the introduction of
several data corresponding to the material properties. For
this reason, the experimental values of plastification and
fracturing obtained from the capacity curves of each of the
materials were considered as sufficient. On the other hand,
for the unitary deformations corresponding to the fracture
processes of the concrete and steel, the standard values of
Seismostruct [39-41] were used: concrete cracking
(0.0001), concrete spalling (—0.002), concrete fracture
(—0.002), yielding (0.0025) and steel fracture (0.06). In
addition, the criteria regarding curvature and turns were
verified through the rotational capacity of Mergos and
Kappos [42] and the cutting capacity established in
Eurocode EC-8 [43].

The presence of infill walls considerably modifies the
structural behaviour of bare frame structures [66, 67], as

shown in the results of this research. For the modelling of
the infill wall, the nonlinear inelastic behaviour, the
mechanical properties and the interaction with the structure
were considered. Among the existing techniques that allow
the analysis with infill walls, the procedures of [68-71]
were followed, using Seismosoft® software. The
double-strut approach adopted by the model was applied
for the prediction of the seismic response in reinforced
concrete frame structures of various heights. Crisafulli
proposed a macromodel that measures the global response
of the structures, implementing a four-node 'panel’ element
connected to the frame at the beam-column connections, as
shown in Fig. 12.

Disp. ex Active
r’ —~— (Compression) .
@ ®
Disp. ey [\ ~ _/|External node
\ boleoy/ ~a—9
h hw bw '/, g N
* - e Dummy node
? "' Compression ?| Internal node
De-active D : @
(Tension) e

dw width strut
bw Length strut

Active —N Compression /
(Compression) | ®-._ — e

o o~ Y
De-active —/ Tension \
(Tension)

Figure 12 Infill wall Model (Dominguez-Santos and Bravo 2022; SeismoSoft
2020)

Internally, the panel element separately represents the
compressive strength and shear behaviour of the block
walls [72]. To simulate this behaviour, two parallel struts
and a shear spring in each direction were used. This spring
allows consideration of the stiffness and lateral resistance
of the panel, when a shear failure occurs along the mortar
joints or a tensile failure occurs on the expected diagonal.
More numerical details of this model can be found in [69,
73]. For the calibration of the model, in terms of infill
walls, some geometric and mechanical parameters are
required to define the behaviour of the strut used for the
blocks. A complete definition of each parameter can be
found in [69, 73]. The parameters obtained directly or
indirectly in the laboratory tests are shown in Tab. 6. The
choice of this calculation method was due to the speed of
the computational process, the simplicity of the modelling
and because it was chosen in many previous investigations,
obtaining good results.

Table 6 Numerical values of the geometry and mechanical behaviour obtained
in the laboratory

Block A
Units (traditional Block B Block C Block D
block)
¢t/ mm 190 190 190 190
A, / mm? 276970 276970 276970 276970
d,,/ mm 5831 5831 5831 5831
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Table 6 Numerical values of the geometry and mechanical behaviour obtained
in the laboratory - continuation

Block A
Units (traditional Block B Block C Block D
block)
b,/ mm 1458 1458 1458 1458
Ey / N/mm’ 7620 8598 8624 7404
b/ mm 390 390 390 390
j/mm 12 12 12 12
E,, / N/mm? 7718 8719 8731 7488
h,, / mm 3000 3000 3000 3000
E; / N/mm? 40696 40696 40696 40696
h/ mm 2800 2800 2800 2800
1./ MPa 3.82 4.10 4.32 4.07
fmo ! MPa 14.10 14.40 13.98 13.75
Tmax / MPa 3.10 3.18 3.07 3.00
Y,/ KN/m® 26.14 25.57 24.94 24.24
h,/ mm 1.48e-05 1.39¢-05 1.39e-05 | 1.50 x 10°°
6/° 30.96 30.96 30.96 30.96
I,/ mm* 675¢6 675e6 675e6 675e6

For these analyses, a triangular load was used,
distributed along the height of the frames, concentrating
the relevant loads at each floor level. These loads were
increased by a coefficient 4, resulting in displacements for
each case. The displacements obtained for each load
increment form the so-called capacity curves that relate the
basal shear force with the displacement at the top of the
structures [44]. This load was increased until the structure
became totally unstable, at which point the calculations
were concluded. To perform these calculations, the
SEISMOSTRUCT program was used. As mentioned, the
nonlinearities of the models are concentrated in the plastic
hinges, which facilitate a simpler and faster analysis with
good precision [45-48].

5 RESULTS
5.1 Concrete Characteristics
5.1.1 Compression Strength Results

The average results of the compression strength tests
of the blocks, considering the Chilean NCh181 Standards,
are shown in Tab. 7. This standard establishes a minimum
resistance of the three blocks tested for compression
strength, for structural use of at least 13 N/mm?. This
indicates that traditional concrete blocks and blocks with
recycled rubber and glass aggregates are suitable for
structural use. The resistances shown in Tab. 7 do not
increase with the amount of rubber and glass in the
aggregates but their compressive strength decreases with
percentages higher than 1.25%. The values in parentheses
in Tab. 7 indicate the percentage with respect to the
traditional block (A).

Table 7 Average compression strength results of the blocks

Recycled Standard
Block type Aggregate Average Total Deviation /
Value / % Strength / N/mm? N/mm?
Block A 0 20.03 +0.25
Block B 0.625 22.11 (+10%) +0.98
Block C 1.25 19.22 (—4%) +1.19
Block D 2.5 17.77 (-11%) +0.84

The decrease in compressive strength of blocks C and
D is due to the optimization of the quantities of rubber and
glass added. Just as glass has greater compressive strength
than concrete, rubber has lower strength. Excessive
amounts of rubber, combined with the adhesion of both

materials to the mix, cause certain quantities to contribute
to a decrease in strength. Studies in the scientific literature
support this explanation [86-88].

5.1.2 Flexural-Tensile Strength Results

The average results of the flexural-tensile strength
tests are shown in Tab. 8 and they show that the
incorporation of rubber and glass aggregates increases their
strength. The values in parentheses in Tab. 8 indicate the
percentage with respect to the traditional block (A).

Table 8 Average flexural-tensile strength results of the blocks

Recycled Avera'ge Standard
Effective L.
Block type | Aggregate Value Deviation /
Strength / 5
1% ) N/mm
N/mm
Block A 0 3.82 +0.10
Block B 0.625 4.10 (+7%) +0.39
Block C 1.25 4.32 (+13%) +0.48
Block D 2.5 4.07 (+7%) +0.61

The decrease in flexural strength of block D is due to
the optimization of the amounts of rubber and glass added.
The brittle and ductile characteristics of the additives
influence the behavior of the blocks. While glass is a highly
brittle material, rubber is ductile; therefore, excessive
amounts of both materials would negatively affect the
behavior of the concrete blocks. Studies in the scientific
literature support this explanation [86-88].

5.1.3 Permeability Resistance

This measurement was made according to the
procedure indicated in the NCh181 regulations. Fig. 13
shows the results of the water absorption of the concretes
used in the blocks, compared to traditional concrete (Block
A). The samples with aggregates showed greater
impermeability, indicating that the inclusion of a greater
quantity of rubber and glass in the mixtures decreases the
permeability of the blocks.

67.14 2.79
2.50% glass and rubber

71.93 3.09
1.25% glass and rubber

75.11 3.25
0.625% glass and rubber

80.69 3.48

Percentage of recycled
aggregates

0% glass and rubber

[l Water absorption (kg/m?®) [l Water absorption (%)
Figure 13 Water absorption test for types of concrete used in hollow blocks

The values obtained in this investigation are the result
of a good concrete quality in relation to its hardness, as
shown by some existing studies and investigations, where
concretes with absorptions of less than 5% are defined as
such (Grzegorz Ludwik Golewski in his study [77]).

5.1.4 Thermal Resistance

The results obtained during the thermal testing of the
blocks are shown in Tab. 9. This test measures the thermal
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transmittance of the blocks (U). With this value, the total
thermal resistance (Rr) and its thermal conductivity (.7) are
determined, calculated based on the thickness (e), using

Eq. (1) and Eq. (2).
e  Thermal transmittance:

U= /m K) (1)
T

e  Thermal conductivity:

lze'U(W/m'K) 2)

Table 9 Thermal test comparison

Thermal Thermal .
. . Total Resistance
Block type transmittance conductivity / I m? % KIW
/ Wm?K W/m x K
Block A 2.22 0.42 0.45
Block B 1.81 (=19%) 0.34 (=19%) 0.55 (+22%)
Block C 1.56 (—29%) 0.30 (—29%) 0.64 (+42%)

The results in Tab. 9 show greater thermal insulation
of the blocks with recycled rubber and glass aggregates.
The values in parentheses show the percentage in relation
to the traditional block (A).

The rubber and glass additives introduced into the
concrete samples have a significant effect on the thermal
properties of traditional concrete due to the expansive
effect of both additives in the samples. This, combined
with the fact that the thermal characteristics of both
elements are significantly superior to traditional concrete,
leads to improved thermal conductivity in these new
blocks.

5.2 Structural Analysis

Conventional push-over analysis is used to estimate
the maximum horizontal resistance capacity of structures
that involve a dynamic response.

The incremental load P applied to each floor
(rectangular or triangular) is proportional to the nominal
load pattern (P°) used and defined by the designer on each
floor (in this research the load pattern used was triangular)
P = A(P°). 1 is a factor that proportionally increases the
load on each floor until the structure becomes unstable,
which is when the program ends the analysis.

The capacity curves obtained from the push-over
analysis of the structural model are defined in Fig. 14 and
Fig.15, for each direction (X, Y).

The results show that small amounts of recycled glass
and rubber in the production of concrete blocks improve
the structural properties of traditional blocks, which is in
agreement with other research [49, 50, 57-59].

4500 1 ——Bare frame
4,000 4 ——Block A (traditional)
3,500 - —Block B
Z 3,000 —Block C
=3
5 2,500 - —BlockD
2
% 2,000
(]
2
& 1,500
1,000 -
500
0 . , . .
0.00 0.20 0.40 0.60 0.80

Displacement (m)

Figure 15 Push-over analysis in Y-direction

The most significant values are: F), (yielding force), F,
(ultimate force), D, (yielding displacement), D, (ultimate
displacement), u (ductility) and X, (yielding stiffness) of
the capacity curves of Fig. 14 and Fig. 15. These are shown
in Tab. 10.

Table 10 Significant values of the capacity curves

Bare 1 p1ock A | Block B | Block C | Block D
Frame
XY direction
N 1199/ 5756/ 5705/ 4711/ 4703/
y 931 3376 3420 2753 2826
PN | 1329 6857/ 6812/ 5931/ 5850/
“ 1078 3819 4149 3608 3548
b /m | 0084 | 0054/ | 0.05/ | 0048 | 0.051/
y 0.173 0.044 0.049 0.068 0.076
b m | 0353 | 0160/ | 0150/ | 0.187 | 0256/
" 0.646 0.144 0.108 0.240 0312
Ductility / | 4.20/ 2.94/ 2.95/ 3.88/ 5.02/
M 3.73 3.26 2.19 3.55 4.09
K/ KN/m | 31254/ | 404031/ | 436605/ | 401647/ | 381661/
13670 | 212842 | 220681 | 212043 | 201307

As shown in Fig. 14 and Fig. 15 and in the
corresponding results for these figures in Tab. 10, the
greatest resistances correspond to the X direction (beam
direction), the direction in which there is a greater number
of infill walls. The initial strength and structural behavior
of frame structures with infill walls, as demonstrated in
research [89-93], is not due to the main frame elements
(columns and beams), but rather to the infill walls. This
explains why the strength is not as significant in the X and
Y directions, which would have been the case if there had
only been beams, since the strength in the weak direction
would have been provided by the perimeter beams in the Y
direction. In the cases studied, with the presence of infill
walls around the perimeter of the structures (exterior
walls), the strength will depend on these elements. It is
logical that the strength in the weak direction () is 40%
lower than in the X direction, due to the number of walls in
both directions (8 walls in the X direction and 6 walls in the
Y direction).

Furthermore, in this research, through the capacity
curves, performance points have been obtained that
consider the following aspects in a building: physical
damage to structural and non-structural elements, the risks
to occupants and the functionality of the service's basic

8,000 1 ——Bare frame
7,000 - ——Block A (traditional)
6,000 - —Block B
§,5,000 | ——BlockC
o ——Block D
24,000
(%2}
3 3,000
o
2,000 -
1,000 -
0 T T T T T l
0.00 0.10 0.20 0.30 0.40 0.50 0.60
Displacement (m)
Figure 14 Push-over analysis in X-direction
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elements. The California Society of Structural Engineers
(SEOAC) (1995) [51], established four levels of
performance as a reference:

- Fully operational (no damage): negligible or no
structural or non-structural damage.

- Operational (IO): cracks in structural elements. Slight
damage.

- Life Safety (LS): moderate damage to some
elements. Loss of strength and rigidity of the lateral loaded
resistant system. The system remains functional.

- Pre-collapse (CP): severe damage to structural
elements. It may be necessary to demolish the building.

To obtain these points, the capacity spectrum method
is a widely used procedure for determining performance
points through a graphic procedure, which compares a
structure's ability to resist lateral forces with a seismic
demand, represented by a reduced elastic spectrum. The
method is set out in ATC-40 (1996) [52]; however, FEMA
440 (2005) [53] introduced modifications which were
considered in this research.

The values of the displacements obtained from the
different cases studied, to obtain the performance points
10, LS and CP, are shown in Tab. 11.

Table 11 Performance points (/0, LS and CP) of the capacity curves

Bare Block A | Block B Block C | Block D
Frame
X/Y direction
10/ m 0.110/ 0.013/ 0.012/ 0.012/ 0.015/
0.100 0.020 0.020 0.027 0.029
LS/ m 0.142/ 0.017/ 0.016/ 0.016/ 0.019/
0.128 0.025 0.026 0.035 0.037
CP/m 0.246/ 0.030/ 0.028/ 0.027/ 0.032/
0.222 0.044 0.045 0.060 0.064

5.3 Thermal Analysis

A thermal analysis was carried out, using the results
obtained in the laboratory for each block and the thermal
transmittances shown in Tab. 9. The thermal analysis
carried out used the unified software LIDER-CALENER
(HULC) [54], which facilitates the verification of CTE
DB-HE 2019 [55], issuing a report for the Energy
Certification of buildings. This program is used to obtain
urban planning licenses in Spain and its use is mandatory,
according to Royal Decree 732/2019 [56]. For this purpose,
a model of a single-family home was used, with the
dimensions corresponding to Fig. 11 and using the standard
materials and thicknesses used by the software for each
envelope. The change produced in each model occurred in
the enclosures, using the thermal characteristics obtained
from the laboratory testing in this research (Tab. 9).

The details of the enclosures and the flat roof used in
the model are shown in Fig. 16, with the corresponding
thicknesses. The total width of the enclosure was 29 cm.
The construction details of the building's roof, floors and
walls (in contact with the ground) and the window and door
carpentry were the same in all the cases analysed. The
exterior carpentry used in the doors and windows was
made of aluminium with a thermal break of 4-12 mm and
low-emissivity double glazing 4/6/4.

Detail of enclosure

Single layer mortar (1 cm) ‘ D> H

Concrete Block (BA,BB,BC,BD) (19 cm)—

Insulation, mineral wool (4 cm)

Perforated brick (4 cm)

Plastering plaster (1 cm)

Flat roof detail

Concrete Block (BT,B1,B2,B3) (19 cm)

Waterproofing
Cravel membrane

T

Rock Mineral Wool
SMART ROOFe=120 mm
Vapor barrier

7, Slope concrete (8 cm)

~~ One-way slab (25 cm)

) Reinforced concrete

PlaSteE?%arﬁ Glass mineral wool
ULTRACOUSTIC PLUS e=50
mm

Figure 16 Detail of the enclosures and flat roof used in the model

The results obtained, in energy terms, using the blocks
tested in this research, are those shown in Tab. 12. The
values in parentheses show the existing relationship with
respect to traditional blocks (A).

Table 12 Energy results
Block A | Block B [ Block C [ Block D
Heating
9.02 8.77 8.68
(£3%) | (£6%) | (=7%)
14.13 13.83 13.64

Units

Demand, D | kWh/m? year | 9.29

Final energy |\ whm? year | 14.59

Cer (=3%) | (=5%) | =7%)
Emissions, kgCO,/m? 0.26 0.25
Ecor year 0.27 0.27 (—4%) | (-8%)

The results show a decrease in heating energy demand
and CO; emissions in the construction modelled with a
higher amount of recycled rubber and glass aggregates in
the composition of the blocks.

6 CONCLUSIONS

The laboratory results of the blocks show the
following:
1. Blocks with rubber and glass aggregates increase their
compressive strength by 10%, with a percentage of 0.625%
aggregates (block B) of rubber and glass, compared to the
traditional block. However, higher percentages of these
aggregates reduce their strength by 4% and 11%, at
contents of 1.25% and 2.50%, respectively. This would be
justified by the optimal amounts of additive added to the
mixture, due to the lower compressive strength of rubber
compared to concrete and the adhesion of glass and rubber
in the mixture, as has been verified in other research.
2. Blocks with glass and rubber aggregates increase their
flexural-tensile strength compared to traditional blocks, by
7% and 13% with glass and rubber aggregates. However,
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these increases do not occur progressively; at a percentage
of 2.50%, their strength decreases by 6% compared to
1.25% of aggregates.

3. Blocks with glass and rubber aggregates decrease their
permeability, compared to traditional blocks, with a higher
percentage of glass and rubber aggregates. These decreases
are 7%, 11% and 17% as the percentages of glass and
rubber additives are higher, with respect to the percentages
analysed in this research.

4. Blocks with glass and rubber aggregates are more
insulating because the percentages of glass and rubber are
higher. Thermal conductivities are reduced by 19%, 29%
and 36% because the percentages of glass and rubber
additives are higher.

5. The densities of the blocks are reduced as the increase
in glass and rubber increases. These reductions are 2%, 5%
and 7%, respectively, with respect to the traditional block
(BT).

On the other hand, considering the structural analyses
carried out on the models with the characteristics defined
in this research, the following can be concluded:

I. There are no major differences in the structural
sections of the cases with walls. Even so, the structures that
use blocks A (traditional block) and B (0.625% glass and
rubber) are the most resistant of all the structures analysed.
However, the resistance does not increase progressively
with the addition of glass and rubber; percentages higher
than 0.625% decrease it. Percentages exceeding 0.625% of
rubber and glass additives reduce the structural strength of
structural frames. On the other hand, the effectiveness of
the blocks is evident when compared with the bare
structures; the ultimate resistance increases considerably in
both directions.

2. Analysing the ductility and elastic rigidity of the
different structures in both directions, the most ductile
solutions correspond to block D and the least ductile to the
case that uses block B. On the other hand, the cases with
the highest elastic rigidities correspond to the structures
that use blocks A and B. The addition of a greater quantity
of rubber and glass fibres considerably increases the
ductility of the structures. The increase in ductility can be
due to the characteristics of the new material or the infill
wall as a whole. Increased ductility in frame structures with
infill walls improves the seismic resistance of buildings,
primarily due to: the absorption of energy by the structures
during seismic movements, the fact that the structure
deforms without breaking (brittle structures pose a risk to
human life, a criterion contrary to that stated in
seismic-resistant building codes worldwide), and damping.
This quality does not mean that the structures have greater
strength, as has been demonstrated.

3. The displacements of the structures with walls are
considerably reduced due to the greater rigidity that the
block walls inflict on the bare structures.

4. The performance points between the cases with block
walls are similar, with the lowest displacements
corresponding to the structures with blocks A and B. On
the other hand, if these points are compared with the
performance points of the buildings without walls, they are
considerably reduced, to almost 90% in the X direction and
20% in the Y direction, with respect to the most favourable
cases.

5. Considering the energy demand of the structures and

the changing blocks, the structures with blocks containing
recycled rubber and glass aggregates reduce this by 3%,
6% and 7%, with respect to a traditional block. In the same
way, CO; emissions are also reduced by 4% and 8%, with
respect to a traditional block.

For future studies related to this research, the optimal
quantities of glass and rubber in the mixtures could be
analyzed. Additionally, a study of the independent
structural behavior of the walls in frame structures could
be conducted.
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