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� Waste plastics were used to produce concrete and mortar plastic compounds.
� Parameters as density, porosity, and water absorption were studied.
� Mechanical properties of mortar and concrete plastic compounds were measured.
� The studied materials showed an important decrease in thermal conductivity.
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In this paper the improvement of thermal insulation behavior of concrete and mortar plastic compounds
is presented. The materials studied were obtained by adding to mortar and concrete five different per-
centages of two types of plastic waste (polyethylene and PVC residues coming out of electric cable pro-
tective sheath). Parameters as density, porosity, water absorption and carbonation behavior were
studied. The time evolution of mechanical properties (compression and flexural) were characterized to
finally study and model the thermal conductivity, that is shown, in all studied cases, to have higher
decrease than the expected.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Plastic materials have become in recent decades an integral
development part for different markets. The annual consumption
of these materials has had a sustained growth, given their charac-
teristics of low density, strength, ease of design, processability,
durability, low weight and last, but not least, their low cost. These
features have allowed its use in various sectors such as packaging
industry, automotive, industrial applications, piping industry, con-
struction, thermal and acoustic insulation [1].

The increase in production and consumption of polymeric
materials likewise involves a growing waste output at the end of
its life. This has led to huge quantities of plastic-related residues
[2,3]. In this way, recycling has been recognized as a rational
necessity, compared to alternative traditional deposit in landfill
or incineration.

Recycling companies are the main sources of plastic waste man-
agement. In these companies the waste plastics are sorted, sepa-
rated and treated for later use in production industries. The
common treatment processes for plastic waste may involve
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manual or automatic sorting, crushing, sieving and eventually
mechanical processing that allows disaggregation and separation
of different materials associated with the polymers. Also in some
cases it is used the electromagnetic separation (by using this pro-
cedure the magnetic metals that may accompany the polymeric
residues are separated and recovered for subsequent use) or den-
sity separation by which different fractions of other materials,
aggregates, nonmagnetic metal, etc. are separated, (buoyancy, air
flow separation, etc.) classifying the various plastics according to
their density and size.

Once classified, the polymer waste is ready to reentry into the
raw materials market if there is added value in this secondary
value chain. Unfortunately for many polymers this is not the case
(thermoset, crosslinked thermoplastics, etc.).

The present paper is focused on the secondary use of two types
of such materials without any added value to return into the sec-
ondary raw materials market; mainly crosslinked polyethylene
(PE) and polyvinyl chloride (PVC), obtained primarily from crush-
ing electrical copper and aluminum cables, whose envelopes (insu-
lation) exterior and interior are principally formed by such
polymers.

It is worth noting that plastic residues coming out of electric
cable protective sheath have an added problem, the presence of
flame retardant materials (as aluminum tri-hydroxide) that pre-
vents its further secure processing.

The overall purpose of the study presented in this paper was to
obtain cement matrix materials, where one of their phases was a
polymeric residue, so that the compound may have non-
structural applications. During the study, the main possible appli-
cations identified were the use of these materials as semi-
structural lightweight concretes (or mortars) with improved ther-
mal insulating properties, to use them as the core of sandwich pan-
els for prefabricated enclosures, retaining walls for instance.
Obtaining prefabricated lightweight building materials with
improved thermal insulation characteristics was identified as tar-
get to give waste plastic materials a second opportunity apart of
landfill or incineration.

There exists a vast literature on the issue of recycling plastic
waste [4–12] being that the addition of polymeric waste materials
to cementitious matrix has been studied from late 90s [13–19]. The
commercial application of recycled polymer concrete is relatively
new in the world of civil engineering [20–23]. The addition of poly-
mer waste to concrete in various forms (fibers or aggregates), has a
number of beneficial effects on the material properties resulting
compound, as are weight and density reductions, improved
mechanical energy absorption, better toughness, enhanced ductil-
ity and impact resistance, improvement of insulation capacity
(acoustic and thermal) etc. Along with the above improvements
and depending on the type of addition, it can be observed
undesired effects, such as reduction of the compression
strength or the durability of material due to different mechanisms
[24–29].

Polyvinyl chloride (PVC), which is one of the waste materials
used in this study, is a special case. PVC worldwide production
exceeds 30 Mt annually [30], representing one fifth of the total pro-
duction of plastics. PVC is the second largest volume production
thermoplastic only overcome by polyethylene as volume leader
in the plastics industry.

Since the 60s, PVC has been used in many products, and taking
into account that its life is around 30–60 years (depending on type
and treatment), PVC waste is expected to increase in the coming
years [31,32]. But the recycling of PVC presents a major issue,
because its incineration produces dioxins. There are some studies
on the PVC residues treating, by steam gasification or pyrolysis
[33–38], but it is clear that it does not exist an effective and appro-
priate way to recycle PVC. Therefore, there is no doubt that large
PVC waste amounts must be disposed of as solid waste, so there
is a clear interest in the ways of recycling these residues.

In that sense, in this paper the results of mechanical and ther-
mal properties measured for mortar and concrete plastic materials
obtained with plastic waste (PVC + PE), are shown. These materials
are not intended to be used as structural materials but rather as
‘‘functional” materials. Their thermal behavior characterization
was selected initially because it was expected a reduction of ther-
mal conductivity by adding plastic to a concrete or cement based
compound. This improved thermal isolation behavior could act as
added value for specific applications. What was really surprising
was the intensity of the observed reduction as compared to the val-
ues predicted by our initial estimations.
2. Materials and method

2.1. Residues used

The waste materials used came from the triturating of ‘‘out of use” electrical
wires through a procedure that allowed the whole segregation of the conductive
metal and the polymeric protective sheath, producing completely disaggregated
and heterogeneous mixture subsequently separated.

Metal separation of this mixture was achieved by densimetric methods that dis-
criminate almost completely metal, with great density and polymer particles,
whose density is much lower. This separation system has efficacy higher than
97% in metal discrimination, however the obtained polymer fraction is heteroge-
neous (mainly PE and PVC, but also small quantities of other polymers, trace metals
and aggregates). The subsequent classification was performed in another separation
system by densitometry in aqueous medium, which allows segregate in the first
instance scrap metal contents in the polymer fraction and eliminate the content
of another materials as aggregates, whose density and morphology is different from
the treated polymers. Subsequently, the polymer fraction was separated and trea-
ted with pure water floatation rafts on sedimentation prepared for that purpose,
in which the buoyancy of different types of polymers was used to classify them.
Thus, typical compounds as polyethylene (PE) whose density is less than water,
float, while the more dense as PVC compounds sink. The polymers were extracted
and then dried and stored to yield PVCs and PEs with purities of around 80%.

The whole separation process was performed at an industrial scale in the facil-
ities of RMD, a Spanish company, member of the research consortium, aimed at
materials recycling.

The morphology of the waste materials obtained after the separation process
and the huge amount of these stored without any further application (except land-
fill or incineration) are shown in Fig. 1. The average chemical composition of waste
materials is collected in Tables 1 and 2. As can be seen there are other polymer
phases present as polypropylene or polyamide.

2.2. Mortar samples preparation

Mortar samples preparation (Fig. 2) was performed according to Spanish stan-
dard UNE 83821 [39]. In brief, the design of dosage for the case of mortar has been
carried out taking into account the following assumptions: It has been kept the
sand/cement ratio constant at 3/1 and the same type of sand was used for all the
samples.

For each sample consistency essay (according to Spanish standard UNE 83811
[40] was performed to calculate the mixing water required to obtain a constant con-
sistency value for the different proportions of PVC or PE added.

A Portland Valderrivas cement type (CEM IV/B (V) 32.5 N) was used for all the
samples. Different percentages, 0% (control sample), 2.5%, 5%, 10% and 20% of waste
untreated plastics (PVC, PE and PVC + PE mixture) were added to produce the
compounds.

Curing of the specimens was performed in a humid chamber at a constant tem-
perature of 20 ± 1 �C and relative humidity of 98 ± 2.

2.3. Concrete samples preparation

Concrete samples preparation (Fig. 3) was performed according to Spanish stan-
dard UNE 83301 [41].

Different percentages 0% (control sample), 2.5%, 5%, 10% and 20% of waste
untreated plastics (PVC, PE and PVC + PE mixture) were used.

The aggregates sizes used were between: 0/4, 0/8, 8/20 and 8/32 mm. Sieve
analysis of the aggregates used was performed according to standard UNE EN
933-1 [42]. The cement used was CEM II/AV 42.5 R LA ROBLA type.

A remarkable effervescence phenomenon (Fig. 4, left) was observed during
concrete-PVC compounds preparation. After several tests, it was determined that
it could be related to some reaction occurring between alkali contained in the
cement and the untreated PVC. The reaction that takes place between these two



Fig. 1. On the left image showing the samples morphology coming from the recycling of electric cable sheath. On the right, image showing part of the huge amount of this
kind of plastics stored in RMD (Spanish company partner of the research consortium).

Table 1
Average chemical composition of the PE waste materials.

Composition Weight percentage (%)

Water 0.14
Metallic residues 0.00
Inorganic fillers (talc) 3.22
Polyethylene (PE) 81.3
Polypropylene (PP) 9.50
Polyamide (PA) 1.32
Alkyd/acrylic compounds soluble in hexane 4.03
Polyvinyl chloride (PVC) 0.48

Table 2
Average chemical composition of the PVC waste materials.

Composition Weight percentage (%)

Water 0.23
Metallic residues 0.07
Inorganic fillers (ATH and CaCO3) 29.50
Polyethylene (PE) 1.06
Polypropylene (PP) 0.13
Polyamide (PA) 4.39
Polyvinyl chloride (PVC) 64.62

Fig. 3. Concrete samples preparation for the indirect tensile strength and bending
tests.
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components in an aqueous medium seems to be redox type and produces efferves-
cence resulting from the gases released. The cement in contact with water gener-
ates pH between 12 and 13, and this, in turn, in interaction with the surface of
the PVC generates effervescence. Sodium hydroxide solutions were prepared at dif-
ferent pH values and adding PVC effervescence was observed (Fig. 4, right).

To avoid the effect of effervescence it was decided to work the concrete with dry
consistency (minimum amount of water needed for mixing and homogenizing of
the components thereof).

A vibrating tool was used to improve samples compaction.
Curing of the specimens was performed in a humid chamber with a constant

temperature of 20 ± 1 �C and a constant relative humidity of 98 ± 2.
Fig. 2. On the right mortar with added plastic samples preparation by means of tooling b
2.4. Density

Density measurements were performed for all the studied materials according
to Spanish standards, UNE EN ISO 1015-10 [43] (mortar samples) and UNE EN
12390-7 [44] (concrete samples).
2.5. Water absorption, porosity and carbonation

Water absorption, porosity and carbonation tests were performed on concrete
samples to evaluate the capability of this type of concrete to avoid steel reinforce-
ment corrosion.

Water absorption on concrete samples (28 days) was carried out by following
the UNE-EN 772-11 standard [45].

Concrete samples porosity was measured by using a gas picnometer.
Determining the depth of carbonation (concrete samples) was carried through

the colorimetric essay described in Spanish standard UNE 14630 [46]. This test
determines the reduction of alkalinity in concrete carbonation and involves the
use of a pH indicator that makes visible discoloration. This indicator consists of a
solution of 1% phenolphthalein dissolved in 70% ethyl alcohol (Fig. 5).
ox. On the left an image of one of the mortar samples fractured in the bending test.



Fig. 4. Effervesce was observed during concrete samples containing PVC preparation. Sodium hydroxide solutions were prepared at different pH values and adding PVC
effervescence was also observed.

Fig. 6. Image of the concrete samples arrangement during the thermal conductivity
measurements. During the experiment, the sensor is placed between two samples
to be investigated, and a small constant current is supplied to the sensor, that also
serves as a temperature monitor, so that its temperature increase is accurately
determined through electrical resistance measurement.

J.L. Ruiz-Herrero et al. / Construction and Building Materials 104 (2016) 298–310 301
First step is breaking the specimen and applying the phenolphthalein solution
via spray. In a few minutes the color of the zones changes. The value adopted for
the penetration depth of carbonation is the arithmetic average of the readings.

The measure of the depth of carbonation is carried out by spraying the solution
of the indicator in the inner half of the fractured test part.

The area which is carbonated remains colorless (pH < 8), while the area
becomes noncarbonated purplish red (pH > 9.5) or pink (8 < pH < 9.5). In the color-
less area an arbitrary number of points are taken on which the corresponding mea-
surements are made. The value adopted for the penetration depth of carbonation is
the arithmetic average of the readings.

2.6. Mechanical properties

Mechanical properties were measured for mortar samples in compression and
flexion according to UNE EN 1015-11 [47].

Concrete samples were measured in compression according to UNE 12390-3
[48], flexion UNE 12390-5 [49]. For concrete samples the indirect tensile properties
and the elastic modulus were measured according to UNE 12390-6 [50] and UNE
83316 [51] respectively.

2.7. Thermal conductivity

Thermal conductivity measurements were performed through the transient
plane source technique described elsewhere [52–56].

This transient plane source technique is based on the use of a thin metal strip as
a continuous plane heat source. The strip is sealed between two thin polyimide
films for electrical insulation. During the experiment, the hot disk sensor is sand-
wiched between two pieces of samples to be investigated (Fig. 6), and a small con-
stant current is supplied to the sensor, that also serves as a temperature monitor, so
that its temperature increase is accurately determined through resistance measure-
ment. This temperature increase is highly dependent on the thermal transport
properties of the material surrounding the sensor. By monitoring this temperature
increase over a short period of time after the beginning of the experiment, it is pos-
sible to obtain accurate information on the thermal transport properties of the sur-
rounding material [57]. By fitting the measured temperature increase data, to the
predicted by the theoretical analysis of the transient term of the heat conduction
equation (that relates the change in temperature of the sample as a function of
time), it is possible to obtain simultaneously values for the thermal conductivity
and diffusivity from one single measurement (Fig. 6). This ‘‘fitting” is not obvious
and corresponds to the use of finite difference method to obtain the numerical
Fig. 5. As it can be seen in figure, the area which is carbonated remains colorless (pH < 8),
(8 < pH < 9.5). (For interpretation of the references to color in this figure legend, the rea
solution of a partial differential equation. In our case this is implemented via soft-
ware and hardware in the measurement equipment described in previously cited
references.

3. Results

3.1. Density

The density measurement results are presented in Fig. 7 for
mortars and in 8 for concretes. It is showed clearly that, in both
cases, the higher the plastic content, the lower the density of the
materials. There exist, as expected, a correlation between density
while the area that becomes noncarbonated becomes purplish red (pH > 9.5) or pink
der is referred to the web version of this article.)



Fig. 7. Density values of mortar-plastic compounds-11 (left) and normalized values (right).

Fig. 8. Density values of concrete-plastic compounds (left) and normalized values (right).

Fig. 9. Porosity values measured for concrete composites 28 days after their
production.
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and plastic content. In these figures also it is presented the density
normalized at the control mortar and concrete values. In both cases
the higher reduction (almost 30%) was achieved adding polyethy-
lene (20%). Polyethylene density is lower than PVC density so mea-
sured values evolution was according to expected one.

In civil engineering works where the potential amount of mate-
rials needed is huge this is an interesting reduction for the case of
the self weight of massive structures (see Fig. 8).

3.2. Water absorption, porosity and carbonation tests

Water absorption, porosity and carbonation tests were per-
formed on concrete samples to evaluate the capability of this type
of concrete to avoid steel reinforcement corrosion.

Water absorption on concrete was performed (28 days after
production) was carried out by following the UNE-EN 772-11 stan-
dard [45]. The samples that showed the higher water absorption
values were the polyethylene filled concretes.

Porosity values were also measured with the aid of a gas pic-
nometer (Fig. 9) for concrete showing a clear correspondence with
the water absorption data.

Carbonation (Fig. 10) is a natural process that occurs in concrete
because the calcium bearing phases present are attacked by carbon
dioxide of the air in the presence of water and converted to calcium
carbonate. Ordinary carbonation results in a decrease of the poros-
ity making the carbonated paste stronger. Carbonation is therefore
an advantage for non-reinforced concretes. However, it is a serious
disadvantage for reinforced concrete, as pH of carbonated concrete
drops to about 7 (natural alkalinity of the concrete is around pH13
to pH8); a value below the passivation threshold of steel.
The values obtained are represented in Fig. 11. These values
were measured after 28 days elapsed since the samples
production.

The higher carbonation depth values are those corresponding to
PVC compounds followed by the PVC + PE concrete. This could be
related, firstly with the presence of chlorine ion in the PVC and
probably in the concrete and secondly with the high porosity of
these compounds that enhance carbon dioxide diffusion.



Fig. 10. Carbonation test on concrete specimens with 0% (control) (a), 2.5% (a), 5% (b), 10% (c) and 20% (d) of added PVC.
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These results suggest the poor ability of these materials, espe-
cially those PVC based, to protect the steel reinforcements from
corrosion.
Fig. 11. Carbonation concrete values measured for concrete compounds 28 days
after their production.
3.3. Mortars mechanical properties

Although these materials were not intended to be part of pri-
mary structures it was considered necessary to obtain reference
values for mechanical properties (flexural and compressive) to
assure their load bearing capacity.

Mechanical properties time evolution was measured for all the
cases, but only in one case (PVC-mortar) this evolution was
recorded for long time values (up to 120 days). The reason to do
so is the great amount of samples managed in those tests (several
tons including mortar and concrete samples) and the limited space
available in our lab.

In upper part of Fig. 12 the flexural strength temporal evolution
for mortar-PVC is presented. It is clear at a first sight that the
higher the plastic content the lower the values of strength. It seems
also that the time interval from the flexural initial value to the sta-
bilized one is reduced as plastic content is increased. Sample ‘‘cur-
ing” interval was reduced and interfered by the presence of PVC or
air (porosity).

The same behavior can be seen in the case of the compressive
strength which is showed in the lower part of Fig. 12 for the same
type of samples. In this case, the ‘‘control” samples (0% of added
PVC) compressive values are still evolving at 120 days from the
production date while the 10% and 20% PVC containing compounds
are almost stabilized.

Flexural properties values (mixing of tensile and compressive
response) are more than three times lower in the case of the 20%
PVC containing samples as compared to control samples (mea-
sured at 119 days after production). Compressive properties values



Fig. 12. Flexural and compressive strength temporal evolution measured for
mortar-PVC samples.
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are in average 5 times lower in the case of 20% PVC containing
samples as compared to control samples. It is clear that in both
cases (flexural and compressive) the gap between the mortar con-
trol values and the mortar plastic compounds increases with time
(only in the case of the 5% samples compared to the 10% samples
the difference is reduced with time).

In all the studied cases the mechanical measurement repeata-
bility was low and the standard deviation values were comprised
between 5% and 10% of the average values. In terms of repeatabil-
ity, the worst cases were the 2.5% and the 20% plastic content.
Fig. 13. On the left, concrete composite compressive test image.
The data that correspond to the mortar samples with PE and
(PE + PVC) added followed the same pattern but were measured
only up to 28 days of evolving. In both cases the higher the plastic
content, the lower the mechanical properties. The maximum dif-
ference between the flexural values corresponds to 28 days after
production and is about three times lower for the 20% PE samples
compared to control ones. This difference increases with time
going from 2 to 3 for the studied period of time (this is similar to
the mortar with PVC evolution showed in Fig. 12 evaluated at
the same period of time).

Compressive resistance difference between control samples and
20% PE ones evolves from 5 to 4. In fact taking the measurements
errors into account it can be said that the difference did not change
and was stabilized at a value between 4 and 5.

In Fig. 13 it is presented the experimental rig used for the
mechanical tests.

3.4. Concretes mechanical properties

Once again, like in the previous case of mortar compounds, it is
necessary to point out that these materials were not intended to be
part of primary structures but it was considered necessary to
obtain reference values for mechanical properties (flexural and
compressive) to find their load bearing capacity typical values.

Mechanical properties evolution with time was measured for
concretes and recorded up to 56 days. The numerical results of
the mechanical tests are presented in Tables 3–5.

From tables and figures it is clear that:

– The higher the amount of plastic content (not regarding of the
type) the lower the density.

– The higher the amount of plastic content, the lower the
mechanical properties of the concrete materials.

– The higher the PE content in the compound, the lower the
mechanical properties and the density.

It is necessary to note that for the concrete compounds samples
containing a 20% of added plastic the surface quality was very poor.
Specifically in the case of 20% of added PE the sample surface
crumbled.

3.5. Thermal conductivity

In Fig. 14, the thermal conductivity of mortar-plastic com-
pounds samples with different amounts of added recycled plastic
is presented. It can be seen that the higher the plastic content in
the compound, the lower the thermal conductivity. For a 20% of
added plastic waste (PE) the thermal conductivity drops below
one half of its original value. This is really an impressive reduction
On the right, concrete components four point bending test.



Table 3
Density and overall mechanical properties evolution of the concrete-PVC compounds studied.

Control concrete Concrete + 2.5% PVC Concrete + 5% PVC Concrete + 10% PVC Concrete + 20% PVC

Compression samples density (kg/m3) 2399 2382 2344 2250 2018
Compressive strength 7 days (MPa) 30.0 27.4 21.3 15.0 6.0
Compressive strength 28 days (MPa) 34.6 31.9 23.3 16.3 6.6
Compressive strength 56 days (MPa) 46.0 34.8 24.3 21.4 9.0
Flexural samples density (kg/m3) 2418 2380 2353 2240 1938
Flexural strength 7 days (MPa) 3.5 3.3 3.2 3.2 1.3
Flexural strength 28 days (MPa) 4.5 4.5 4.5 3.4 1.4
Flexural strength 56 days (MPa) 5.8 5.3 4.7 3.8 1.7
Indirect tensile (MPa), 28 days 4.3 3.6 3.3 2.5 1.4
Relative Static compressive elastic modulus (MPa) 1 0.77 0.68 0.63 0.35

Table 4
Density and overall mechanical properties evolution of the concrete-PE compounds studied.

Control concrete Concrete + 2.5% PE Concrete + 5% PE Concrete + 10% PE Concrete + 20% PE

Compression samples density (kg/m3) 2399 2370 2239 2002 1658
Compressive strength 7 days (MPa) 30.0 25.8 19.2 8.0 2.1
Compressive strength 28 days (MPa) 34.6 29.9 25.4 9.2 3.4
Compressive strength 56 days (MPa) 46.0 32.9 26.3 9.8 3.7
Flexural samples density (kg/m3) 2418 2373 2240 2016 1649
Flexural strength 7 days (MPa) 3.5 2.8 2.6 2.0 0.3
Flexural strength 28 days (MPa) 4.5 3.9 3.4 2.9 1.0
Flexural strength 56 days (MPa) 5.8 5.3 4.8 3.4 1.2
Indirect tensile (MPa) 28 days 4.3 3.2 2.7 1.1 0.7
Relative Static compressive elastic modulus (MPa) 1 0.76 0.61 0.30 0.08

Table 5
Density and overall mechanical properties evolution of the concrete-(PVC + PE) compounds studied.

Control
concrete

Concrete + 2.5% PE
+ PVC

Concrete + 5% PE
+ PVC

Concrete + 10% PE
+ PVC

Concrete + 20% PE
+ PVC

Compression samples density (kg/m3) 2399 2377 2312 2193 1961
Compressive strength 7 days (MPa) 30.0 22.6 20.2 13.5 3.8
Compressive strength 28 days (MPa) 34.6 30.8 23.2 18.7 4.0
Compressive strength 56 days (MPa) 46.0 31.9 25.2 19.5 5.1
Flexural samples density (kg/m3) 2418 2358 2322 2222 1902
Flexural strength 7 days (MPa) 3.5 3.0 2.8 2.3 1.1
Flexural strength 28 days (MPa) 4.5 4.1 3.6 3.1 1.3
Flexural strength 56 days (MPa) 5.8 5.4 4.5 3.8 1.4
Indirect tensile (MPa) 28 days 4.3 3.2 2.8 2.1 1.0
Relative Static compressive elastic modulus

(MPa)
1 0.72 0.59 0.52 0.25

Fig. 14. Thermal conductivity of a series of mortar samples with different amounts
of added recycled plastic. Like in Fig. 18, it can be seen again that the higher the
volume content of plastic in the compounds, the lower the thermal conductivity.
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that will be discussed later and that cannot be interpreted only
taking into account the difference between the thermal conductiv-
ities of the components, plastic and control mortar (that forms the
matrix of the compound).

Fig. 15 shows the thermal conductivity of a series of concrete
compounds samples. Like in the previous case the higher the vol-
ume content of plastic in the material, the lower the thermal con-
ductivity. For a 20% of added plastic waste (PVC or PVC + PE) the
thermal conductivity drops to a third part of its original value.

It was not possible to measure the conductivity of the concrete
compound with 20% added polyethylene due to the very poor sur-
face state of the samples.

Once more the impressive reduction cannot be interpreted only
in terms of the difference between the thermal conductivities of
the components (plastic and control concrete).

It is very interesting to note that these materials show a
remarkable combination of high thermal capacity (close to values
of concrete or mortars) and relatively low thermal conductivity.
Thermal capacity is related with the ability of a material to damp
the exterior temperature oscillations (in cold or hot climates) while



Fig. 15. Thermal conductivity of a series of concrete samples with different
amounts of added recycled plastic. It can be seen that the higher the plastic volume
content in the compound, the lower the thermal conductivity.

Table 6
Mortars porosity mean values calculated for the theoretical density values to fit the
measured ones.

% of added plastic Porosity PE (%) Porosity PVC (%) Porosity PE + PVC
(%)

0 0 0 0
2.5 0.8 1.1 3.9
5.0 7.6 1.1 5.3
10.0 12.2 3.8 10.5
20.0 19.4 8.5 17.6

Table 7
Measured mortar compounds porosity mean values.

% of added plastic Porosity PE (%) Porosity PVC (%) Porosity PE + PVC
(%)

0 6.3 6.3 6.3
2.5 7.0 6.9 7.0
5.0 8.3 8.1 8.2
10.0 14.0 12.0 10.1
20.0 19.9 17.2 16.5

Table 8
Concretes porosity mean values calculated for the theoretical densities values to fit
the measured ones.

% of added plastic Porosity PE (%) Porosity PVC (%) Porosity PE + PVC
(%)

0.0 0 0 0
2.5 0 0 0
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thermal conductivity (or thermal resistance which is simply the
sample thickness divided by conductivity value) measures the
capacity of a material as thermal insulator.

This thermal conductivity reduction is a very interesting fact
that adds value to the set of materials under study, so it is worth
pausing to consider fromwhere the decrease in thermal conductiv-
ity arises.
5.0 4.1 0.2 1.1
10.0 10.5 2.1 3.5
20.0 18.9 7.6 8.1

Table 9
Measured concrete compounds porosity mean values.

% of added plastic Porosity PE (%) Porosity PVC (%) Porosity PE + PVC
(%)

0.0 7.1 7.1 7.1
2.5 8.2 7.7 7.8
5.0 9.5 8.5 8.4

10.0 16.2 11.7 10.3
20.0 20.6 17.1 16.1
4. Discussion

In this section the variation of three different aspects will be
discussed, namely, density, mechanical properties and thermal
properties.

4.1. Density

Density values drop with the plastic content. This is not shock-
ing, but it was observed that density values were lower than the
predicted ones by the rule of mixtures (taking the values of PVC
density between 1350 and 1450 kg/m3 and the PE density between
944 and 965 kg/m3 and the measured control mortar or concrete
density to make the calculations) for both concrete and mortar
materials.

In the case of mortars by taking into account that the composite
is formed by control mortar (including its own porosity), plastic
and added porosity (due to the presence of irregular plastic parti-
cles or due to gas released in chemical reactions):

qcompound ¼ qcontrolvvol;control þ qplasticvvol;plastic þ qairvvol;air ð1Þ
By simple calculations it is easy to demonstrate that the values

of added porosity that fit the density to the rules of mixtures
(which is exact in the density case) are the presented in the follow-
ing tables (see Tables 6–8):

The message of these tables is clear: the higher the presence of
PE, the higher the value of calculated porosity (see Table 9).

The experimental values showed that the higher value of poros-
ity corresponds to the PE containing materials followed by the PVC
and the PE + PVC. In fact, due to the low repeatability of the mea-
sures PVC and PVC + PE showed similar values.

The differences between the experimental porosity measured
values and the theoretical ones could indicate that part of that is
not an open porosity connected to surface and then cannot be
detected by pycnometric methods.
So it seems that the compounds are formed by three main com-
ponents: air, control mortar or concrete (forming the matrix mate-
rial) and plastic. Control material is itself another compound with
the presence of air.

This is a very interesting fact that would allow considering in
the qualitative mechanical and thermal modeling that the proper-
ties of the studied compounds would be a mixture of those of the
control matrix, the plastic and air.

4.2. Mechanical properties

Initially, to try to explain the experimental values measured,
three different simple models taken from literature [58,59] were
used to try to fit the strength values to the experimental ones
and none of them were capable to fit them properly.

In model 1, for a good compatibility between the ‘‘matrix” (con-
trol mortar/concrete) and the ‘‘reinforcement” (plastic) the upper
strength of the compound could be taken as:

ru ¼ f ðrrÞ þ ð1� f Þrm ð2Þ



Fig. 17. Mortar compounds compression strength values were nicely fitted using a
polynomial of relative density (Eq. (5)).

J.L. Ruiz-Herrero et al. / Construction and Building Materials 104 (2016) 298–310 307
where f is the volume fraction of reinforcement, rr is the reinforce-
ment strength and rm the matrix strength.

This expression represents clearly an upper bound that is not
taken into account the particulate nature of the compound.

In model 2, for a weak compatibility between the matrix (con-
trol mortar/concrete) and the reinforcement (plastic) the lower
strength of the composite could be taken as (lower bound):

rl ¼ rm 1þ 1
16

f 1=2

1� f 1=2

 !" #
ð3Þ

Finally in model 3 there is no contribution of the reinforcement
to the values of strength.

ru ¼ ð1� f Þrm ð4Þ
None of these models were capable to fit the mechanical data.

All of them overestimate the values. It was a little surprising that
even the last model in which it was considered only the presence
of the blank as matrix was unable to approach to the experimental
data.

Also it was noted that the difference between the experimental
and the models predicted values was higher with increasing poros-
ity (higher plastic content) (See Fig. 16).

Simple models were not capable to fit the experimental data;
even in the case of Eq. (4) in which it was considered only the
mechanical behavior of the matrix material. Also is worth noting
that the difference between the models predicted values and the
measured ones was higher as plastic content increased.

A question arise: is the structure of the solid evolving as plastic
and porosity increase?

To evaluate this option it was considered the possibility of the
estimation of the cellular nature effects of the studied solid
through the use of a more advanced model, for this kind of solids
to try to fit the compression data [60,61]:

rf

rs
/ C1 C2

qf

qs

� �3=2

þ C3
qf

qs

� �
þ C4 ð5Þ

where rf is the compressive strength of the cellular solid (mortar or
concrete), rs is the compressive strength of the control material, C1,
C2, C3 and C4 are constants that depend only on geometry of the cel-
lular solid, qf is the density of the cellular solid and qs is the density
of the control material.

In this model, the mechanical contribution of the plastic was
ignored, only was considered the presence of air and control mate-
rial forming a cellular solid.
Fig. 16. Experimental and predicted values in the case of flexural strength of
mortar-PVC composites.
The key point is the determination of the density of this cellular
solid qf.

It is easy to demonstrate that in a cellular solid [60] the volume
percentage of air (the porosity U that in our case was measured
experimentally) and solid material (control matrix in this case)
can be calculated by:

U ¼ 1� qf

qs
ð6Þ

From this expression, qf density of this cellular solid can be
obtained readily.

In Figs. 17 and 18 the fittings for mortar and concrete are pre-
sented. The fittings for mortar are very good while those for con-
cretes are worse.

In both cases presented the tendency is clearly the predicted by
Eq. (5). This seems to indicate that the properties of the control
matrix (mortar or concrete) are able to predict the mechanical
behavior in compression only by considering that we are in front
of a cellular solid. This is not a predictive model but rather indi-
cates that the samples are no longer behaving like continuum ones
but instead, they are following the mechanics of the cellular solids
formed by control matrix and air or plastic bubbles that add very
Fig. 18. Concrete compounds compression strength values fitting using a polyno-
mial of cellular solid relative density (Eq. (5)).



Table 10
Mortars predicted porosity according to model represented by Eq. (8).

% of added plastic Porosity PE Porosity PVC Porosity PE + PVC

0 0 0 0
2.5 19.1 12.5 27.7
5.0 20.2 8.4 28.2
10.0 36.6 19.1 33.5
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little to the mechanical response of the compound. This is pretty
surprising and needs further examination.

It is clear that the resulting materials had low mechanical prop-
erties. Though these materials were not intended to be part of pri-
mary structures, it is necessary to point out that their mechanical
properties can be improved easily by using a higher cement con-
tent (to improve the control matrix properties).
20.0 39.9 30.8 31.1

Table 11
Concretes predicted porosity according to model represented by Eq. (8).

% of added plastic Porosity PE Porosity PVC Porosity PE + PVC

0 0 0 0
2.5 0 8.3 0
5.0 10.7 0 0.7
10.0 35.6 23.4 6.7
20.0 – 47.6 43.1

Table 12
Mortars measured and predicted values for thermal conductivity using Eq. (9), taking
C as a variable.

Mortar
compounds

Relative
density

Measured
conductivity
(W/m K)

Constant
C

Calculated
conductivity
(W/m K)

PE 1.000 1.467 1.00 1.467
0.967 1.163 0.81 1.164
0.874 1.118 0.86 1.119
0.778 0.825 0.71 0.827
0.606 0.663 0.73 0.667

PVC 1.000 1.467 1.00 1.467
0.964 1.254 0.88 1.255
0.939 1.282 0.93 1.283
0.862 1.064 0.84 1.066
0.715 0.769 0.72 0.762

PE + PVC 1.000 1.467 1.00 1.467
0.936 1.037 0.75 1.038
0.897 0.998 0.75 0.999
0.795 0.861 0.74 0.868
0.624 0.774 0.84 0.778
4.3. Thermal conductivity

The intense decrease in thermal conductivity showed in Figs. 14
and 15 with the increasing plastic content in mortars and concretes
is a highly interesting fact that adds value to the set of materials
under study, so it is worth pausing to consider from where the
decrease in thermal conductivity arises.

Following the scheme presented in the case of the mechanical
properties, simple models based again on rules of mixtures were
used to try to fit the measured values. In these models, the compo-
nents of the compound were control (matrix) mortar or concrete
(including porosity) and plastic content. Like in the case of the
mechanical properties, these models were unable to fit the thermal
conductivity data. The conductivity predicted by cited models
were always higher than the measured values.

Final compound can be considered as formed by the original
material (which we called control mortar) PVC added and trapped
air. (The original control mortar in turn is a compound consisting of
sand, cement and air bubbles).

The following values were used for the calculations of the the-
oretical conductivity:

Control mortar conductivity (measured) = 1.47 W/m K.
Control concrete conductivity (measured) = 2.48 W/m K.
Conductivity of PVC (estimated literature values) = 0.12–
0.25 W/m K.
Conductivity of LDPE (estimated literature values) = 0.31–
0.36 W/m K.
Air conductivity at 20 �C 0.024 W/m K.

It was assumed that the thermal conductivity can be calculated
to a first approximation by a simple mixture model (upper bound)
[58,59].

kcompound ¼ kcontrolvvol;control þ kplasticvvol;plastic ð7Þ

where k represents plastic and blank mortar thermal conductivities
and the v are the respective volume fractions.

Even starting from the lowest to the conductivity of plastic val-
ues, the model cannot predict reasonably the data obtained from
the measurements. Moreover, it estimates for the initial values of
thermal conductivity of mortars (see conductivity at 0% PVC)
minor values than those finally measured experimentally. In any
case, although the model predicts qualitatively, as expected, it does
not predict quantitatively.

The first correction proposed was to incorporate to the model
the porosity, that is, the volume fraction of air, further shown by
the presence of irregular plastic grains.

kcompound ¼ kcontrolvvol;control þ kplasticvvol;plastic þ kairvvol;air ð8Þ
It is important to note that this porosity does not include the

amount of air that may be present in the blank mortar, that is, with
0% of plastic content, that is already taken into account effectively,
since the control conductivity values introduced in the model are
experimentally measured ones.

In Tables 10 and 11 the mean porosity values calculated for
mortars and concretes are presented.
These values were calculated fitting Eq. (8) to the experimental
data of measured thermal conductivity of the materials.

In the case of mortars it is clear that the porosity predicted val-
ues are much higher than the measured ones. In the case of con-
cretes, up to 5% of plastic content, the predicted porosity is lower
than the measured while for 20% the porosity is higher. In both
cases, concretes and mortars, the presented models are unable to
fit the experimental data consistently.

Following again the scheme presented in the case of the
mechanical properties it was studied the possibility of modeling
the resulting composite as a cellular solid.

For a cellular solid, thermal conductivity not taking into account
the radiation term, can be expressed as [62–66]:

k ¼ kg 1� qf

qs

� �
þ C

qf

qs

� �
ks ð9Þ

C depends only on cellular structure and can be calculated readily
once known the rest of parameters involved in the equation:

Where qf is the density of the cellular composite, qs is the den-
sity of the control (mortar or concrete), kg is the thermal conductiv-
ity of air (0.024 W/m K) and ks is the measured thermal
conductivity o the control matrix (mortar or concrete).

Taking C as variable in the equation, the model results are
impressive (see Tables 12 and 13).



Table 13
Concretes measured and predicted values for thermal conductivity using Eq. (9) and
taking C as variable.

Concrete
compounds

Relative
density

Measured
conductivity
(W/m K)

Constant
C

Calculated
conductivity
(W/m K)

PE 1.000 2.480 1.00 2.480
0.975 2.520 1.00 2.418
0.909 2.110 0.93 2.116
0.795 1.390 0.70 1.394
0.611 – 0.69 1.054

PVC 1.000 2.480 1.00 2.480
0.975 2.219 0.915 2.213
0.948 2.378 1.00 2.352
0.879 1.677 0.76 1.670
0.724 0.854 0.47 0.850

PE + PVC 1.000 2.480 1.00 2.480
0.975 2.480 1.02 2.418
0.939 2.351 1.00 2.330
0.865 2.092 0.97 2.094
0.719 0.974 0.54 0.978
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These results indicate that, like in the case of the compressive
strength, the blank material properties are capable of explaining
the thermal conductivity observed values both in mortars and con-
cretes only by taking into account the appearance of a cellular
structure.

The unexpected additional decrease in thermal conductivity
cannot be explained merely by the presence of plastic and porosity.
The additional reduction in the solid conductivity term of Eq. (9)
could be related to the ‘‘tortuosity” induced in the solid phase by
the emergence of a cellular structure.
5. Conclusions

The studied mortar and concrete materials had low density,
due, in one hand to the presence of plastic aggregates and in the
other to the increased induced porosity.

The resulting materials, in both cases mortars and concretes,
presented low mechanical properties that can be easily enhanced
by improving the matrix properties. The decrease in mechanical
properties cannot be explained only by the presence of plastic
and porosity. For the studied materials compressive strength fol-
lows a law, Eq. (5) characteristic of a cellular solid model, whose
matrix is the control mortar or concrete

The studied materials showed an important decrease in thermal
conductivity that cannot be explained merely by the presence of
plastic and porosity. Thermal conductivity can be predicted accu-
rately by using Eq. (9) corresponding to a cellular solid model,
whose matrix is the control mortar or concrete.

The results obtained in the case of mechanical and thermal
properties are highly independent of the plastic used supposing
that it has no chemical interaction with the cement matrix.

The use of plastic waste is an interesting way to extend life of
non-reusable plastics in civil engineering applications providing
mortars and concretes with low mechanical properties but
increased thermal insulation properties.
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