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Campus El Rosedal, Autopista Ixtlahuaca-Atlacomulco, km 14.5, 50200 Toluca, MEX, Mexico
4Instituto Nacional de Investigaciones Nucleares, Carretera México-Toluca, S/N, 52750 La Marquesa Ocoyoacac, MEX, Mexico
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Different concentrations (from 1 to 6wt%) and sizes (0.85, 1.40, and 2.36mm) of waste Tetra Pak particles replaced partially silica
sand in polymer concrete. As is well known, Tetra Pak packages are made up of three raw materials: cellulose (75%), low density
polyethylene (20%), and aluminum (5%).The polymer concrete specimens were elaborated with unsaturated polyester resin (20%)
and silica sand (80%) and irradiated by using gamma rays at 100 and 200 kGy. The obtained results have shown that compressive
and flexural strength and modulus of elasticity decrease gradually, when either Tetra Pak particle concentration or particle size is
increased, as regularly occurs in compositematerials. Nevertheless, improvements of 14% on both compressive strength and flexural
strength as well as 5% for modulus of elasticity were obtained when polymer concrete is irradiated.

1. Introduction

Cement concrete is the most widely used structural material
in the world, due to its easy preparation and low cost. Some
disadvantages of cement concrete are (a) pores, which can
become entrance points for water, gases, water vapor, and
chemical substances that might damage concrete; (b) the
roughness of concrete surface that deteriorates rapidly
because of its high abrasion; (c) poor resistance to aggressive
substances and salty water; (d) low resistance to heat. One
alternative for such problems is the incorporation of natural
or synthetic polymeric materials into concrete, which have
good binding with mineral aggregates of concrete.

Such kinds of materials promote the development of
polymer-based materials with improved physicochemical

properties. In fact, composite materials include a matrix
(continuous phase) and reinforcement (discrete phase). The
material chosen as thematrix generally is less strong and rigid
than the reinforcingmaterial. In general, the reinforcement is
used to increase the mechanical strength and rigidity; some
reinforcements are also used to improve high temperature
performance and abrasion resistance. Moreover, with syn-
thetic polymers it is possible to produce more flexible and
cheaper materials [1–4].

Among the composite materials for civil engineering
applications, polymer concrete has a preferential place. This
is a composite material produced from inorganic aggregates
(such as sand, gravel, or fly ash) bonded together by a
polymeric binder (or plastic glue), instead of water and
cement binder typically used in cement concrete. Polymeric
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binder can be thermoplastic or more frequently a thermoset-
ting material. Currently polymer concrete is used for the
production of industrial flooring, countertops for bathrooms
and kitchens, saunas, water storage tanks, and prefabricated
structures used in the field of construction. It is also used
in electrical applications such as insulators for high voltage
transmission, support for isolation bushings, and solid-core
insulation [5–8].

Nowadays, because of the more stringent legislation
regarding the environment and the market demand for
environmentally-friendly products, manufacturers are con-
cerned with developing studies aimed at reducing the envi-
ronmental impact, through lowering the amount of produced
residues or by treating those that are inevitably generated
during production processes. High costs associated with raw
material extraction, as well as the damage that extraction
causes to environment, are also important reasons tomotivate
the use of domestic and industrial residues. Depletion of
reliable, trustable raw material reserves and conservation
of nonrenewable sources also contribute to reusing waste
materials.

Recycling of engineering materials will contribute to
the sustainability and development of industrial processes.
Nowadays, metals, glass, thermal plastics, and many other
engineeringmaterials are recycled to a great extent. However,
composite materials, as a special category of engineering
materials, have not considerable progress in recycling, due to
its heterogeneous composition [9].

In recent years, various tools and strategies have been
proposed to meet environmental challenges in the building
industry: (a) increasing the use of waste materials, especially
those that are by-products of industrial processes; (b) using
recycledmaterials instead of natural resources (this will make
the industry more sustainable); and (c) improving durability,
mechanical and other properties, by reducing the amount of
materials required for replacement [10–16].

Extensive research and development activities in recy-
cling composite materials have been conducted, and various
technologies have been developed in three categories: (a)
mechanical recycling, (b) thermal recycling, and (c) chem-
ical recycling. Mechanical recycling involves shredding and
grinding, followed by screening to separate the component
fractions for reuse.Thermal processing uses high temperature
to decompose the resin and separate the reinforcements
(300–1000∘C). Moreover, secondary fuel or thermal energy
is produced through pyrolysis, gasification, or combus-
tion. Finally, chemical recycling allows depolymerization or
removal of thematrix and liberation of the reinforcements for
further recycling by using an organic or inorganic solvent. A
cleaner process based on water technology has gained more
attention in the research world and shown an interesting
potential [9, 17–21].

A few investigations have been carried out on the use of
recycled polymeric materials in concrete, covering different
objectives as (a) recycled PET of bottles for producing very
good quality polymer concrete with low cost for structural
applications [22, 23]; (b) waste plastic aggregates for pro-
ducing lightweight concrete with low thermal conductivity
and reduced values of compressive and tensile strength when

Table 1: Polymer concrete components.

Lot Resin Sand Waste Tetra Pak particles
(code) (%) (%) (%)
PC 20 80 0
PC-1 20 79 1
PC-2 20 78 2
PC-4 20 76 4
PC-6 20 74 6

the waste plastic concentration is increased [24]; (c) HDPE
waste from trash bags as a potential replacement for coarse
aggregate in concrete [25]; (d) ground plastic materials as
substitute of fine aggregates (up to 20%) in concrete [1]. Such
recycling not only helps conserve natural resources, but also
helps to solve a growing waste disposal crisis [26].

A lack of information is available regarding recycling of
Tetra Pak constituent materials (polyethylene, cellulose, and
aluminum) and their use as replacement of aggregates in
polymer concrete. Containers such as Tetra Pak packaging
have short useful life, becoming a trash and a serious problem
for environment. Recycling of such packaging is low, com-
pared with its high production of 26.4 billion packages in
2012, which were produced in 36 countries.

The Tetra Pak beverage containers are made from cellu-
lose (75%), low density polyethylene (20%), and aluminum
(5%). Once the container is discarded, it can be recycled
in three ways: (a) being incinerated to produce electricity,
(b) being recycled for paper making, and (c) being used
for production of sheets and chipboard products. Tetra Pak
recycling process has many stages; first the containers are
washed to remove traces of originally contained products
and after the mechanical grinding process is effected. It is
important to mention that cellulose located at inner layers
of the container makes it difficult to remove the water
absorbed during thewashing process;moreover, high content
of hydroxyl groups of cellulose fibers makes them susceptible
to water absorption.

However, an optional recycling way for Tetra Pak packag-
ing is its use as substitute ofmineral aggregates in the elabora-
tion of polymer concrete, improving its properties, including
lower weight and density, higher mechanical strength, and
toughness.

In this work the effect of waste Tetra Pak particles (from
beverage packaging) on the mechanical properties of poly-
mer concrete was studied. Such particles replaced partially
siliceous sand in the polymer concrete, elaborated with
polyester resin and siliceous sand. In addition, the effect of
gamma radiation on the compressive and flexural strength
was evaluated.

2. Experimental

2.1. Specimen Elaboration. Five different polymer concrete
lots identified by different codes were prepared as seen in
Table 1. For each lot six specimens were prepared. Standard
prismatic molds (40 × 40 × 160mm) were used to formulate
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polymer concrete specimens according to CPT PC-2 recom-
mendation.

In the first stage, one lot of polymer concrete speci-
men (control concrete) was elaborated with a commercial
unsaturated preaccelerated polyester resin (orthophthalic): a
viscous liquid resin with a styrene monomer concentration
of 30% (Polylite 32493- 00, Reichhold, Atlacomulco, Mexico)
and siliceous sand of a local company (GOSA, Tlalnepantla,
Mexico).The polymer concrete specimens had a composition
of 20%bymass of polyester resin and 80%bymass of siliceous
sand. The sand had uniform granulometry with an average
diameter of 0.25mm (mesh 60).

The proportion of the initiator methyl ethyl ketone
peroxide (MEKP) added to the polymer resin for initiating
the free-radical polymerization process was 1mL/100 g of
the resin weight. After mixing for 5 minutes, the polymer
concrete specimens were placed in a controlled temperature
room at 30.0 ± 3.0∘C up to 24 hours.

In the second stage, four lots of polymer concrete speci-
mens were elaborated, but now siliceous sand was partially
substituted by Tetra Pak particles (see Table 1), in different
concentrations (1, 2, 4, and 6% by mass). The Tetra Pak
particle sizes were bigger than those for siliceous sand,
for covering a homogenous distribution of sizes: Tetra Pak
particles: 0.85mm, 1.40mm, and 2.36mm (mesh 20,mesh 14,
and mesh 8, resp.) and siliceous sand: 0.25mm (mesh 60).

2.2. Mechanical Tests. The mechanical tests of polymer con-
crete specimens were carried out in a Controls Universal
testing machine, with a load cell of 30 tons. The compressive
testing is at a loading rate of 1.25mm/min, holding the charge
until reaching the maximum value to assure the reliability
of the test; according to the UNE 83821:1992 standard test, it
is important to mention that six specimens of each lot were
elaborated for compressive testing.

The flexural testing at a loading rate of 1mm/min was
according to CPTPCM-8 standard for three-point bending
test. Load-displacement curves and the maximum load for
the collapse bending were recorded. Each lot of the six
elaborated specimens was submitted to flexural testing.

2.3. Gamma Radiation. The polymer concretes specimens
were exposed to varying gamma radiation doses using 60Co
pencils of 5.2 years of life on average. The experiments
were performed in air at room temperature; the dosages
were 100 and 200 kGy at the dose rate of 3.5 kGy/h. The
irradiation was provided by a Transelektro Irradiator LGI-
01 manufactured by IZOTOP Institute of Isotopes Co., Ltd.
(Budapest, Hungary) and located at the National Institute of
Nuclear Research (ININ, Mexico).

3. Results and Discussion

3.1. Compressive Strength. Figure 1 shows compressive
strength of polymer concrete containing waste Tetra Pak
particles. The compressive strength of concrete without par-
ticles (control concrete) is 90MPa. The results were analyzed
in terms of two parameters: concentration and size of the
waste Tetra Pak particles. With respect to waste particle
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Figure 1: Compressive strength of polymer concrete in terms of
waste particle size and irradiation dose.

concentration, increasing in the amount of added waste
particles in the concrete specimens causes a gradual decrease
in the compressive strength values. The lowest values were
for concrete with 6% of waste particles, reducing in 28%
compared with control concrete, namely, 65MPa. Thus,
waste particle concentration is a determining parameter for
compressive strength of the polymer concrete. In terms of
the particle size, for each particle concentration only small
variations in the values were found. Thus, the particle size
does not have major influence on the compressive strength.

Reduction in the compressive values can be attributed to
the inefficient transfer of stresses between polymer concrete
and Tetra Pak particles, which is consequence of (a) poor
interaction betweenpolymer concrete components (polyester
resin and silica) and polyethylene layers of Tetra Pak con-
tainers and (b) poor adhesion between the two hydrophobic
materials: polyester resin (matrix) and cellulose (from Tetra
Pak containers). Despite the drying process of Tetra Pak
particles prior to the preparation of concrete specimens, some
moisture remained and acted as releasing agent on the waste
particles-resin interface, consequently affecting the polymer
concrete properties.

As was mentioned, reductions in the compressive values
are attributed to the increment of particles concentration.
It was corroborated with the surface morphology of the
polymer concrete. Smooth and homogeneous surface on
polymer concrete without Tetra Pak particles is appreciated
in Figure 2(a); such surface is maintained and nonparticle
agglomerations are observed when adding 2wt% of Tetra Pak
particles (Figure 2(b)). Nevertheless, for higher concentra-
tions of particles, a rougher surface is appreciated (Figures
2(c) and 2(d)). Because there are no chemical interactions
between polyester resin and waste particles, decreases of the
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(a) (b)

(c) (d)
Figure 2: Polymer concrete (a) without Tetra Pak particles and with (b) 2wt%, (c) 4wt%, and (d) 6wt%.

(a) (b)
Figure 3: SEM images of irradiated (a) polyester resin matrix and (b) cellulose from Tetra Pak containers, at 200 kGy.

strength are consequence of the noninteractions between
resin and Tetra Pak particles.

Because particle size does not havemajor influence on the
compressive strength values, the polymer concrete with waste
particle size of 0.85mm was used to carry out the irradiation
process.

In Figure 1, two different behaviors are appreciated for
irradiated polymer concrete: (a) there is increment on the
compressive strength for low concentrations of Tetra Pak

particles (1 and 2wt%); such increments are 14% higher
than those for simple polymer concrete, which are attributed
to the gamma irradiation effects caused in polyester resin
as well as in polyethylene and cellulose of the Tetra Pak
particles [27–29]; (b) for higher particle concentrations (4
and 6wt%), more interactions between the resin matrix and
Tetra Pak particles are present. Nevertheless, such particles
are more crystalline and generate some pores in the polymer
concrete; these pores act as flaws that do not allow an
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Figure 4: Flexural strength of polymer concrete containing waste
Tetra Pak particles.

efficient transfer of charges, resulting in low compressive
strength.

The increments in the compressive strength values are
due to a better interfacial interaction between resin matrix
and Tetra Pak particles, which happen at physical level and
not through chemical bonding between them. Such assertion
is based on the surface topology of the polyester resin and
cellulose after irradiation. In the case of polyester resin,
cross-linking of the polymeric chains produces increment
on crystallinity and in consequence a rougher surface is
observed (Figure 3(a)), while for cellulose of Tetra Pak more
tendency toward scission of the polymer chains is detected,
producing detachment of some particles (Figure 3(b))
[30].

3.2. Flexural Strength. The flexural strength values of con-
crete with waste Tetra Pak particles are shown in Figure 4.
With respect to waste particles concentration, the flexural
strength values decrease when increasing the particles con-
centration. The lowest value is for concrete with 6% of waste
particles, which is 21% lower comparedwith control concrete.
On the other hand, for each concentration the flexural
strength values are lower when adding highest particle size,
2.36mm. In the case of flexural strength, a moderated effect
was observed with the different sizes of waste particles in the
polymer concrete, in the same way as compressive strength
behavior.

Gamma irradiation applied to polymer concrete improves
the flexural strength values, mainly for concrete with 1%
and 2% of waste particles. Such improvement is 14% higher
than control concrete. For higher particle concentrations, the
values decrease progressively to 12% lower than the control
concrete. The diminution in the flexural values is more
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Figure 5: Compressive strain at yield point of concrete containing
waste Tetra Pak particles.
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Figure 6: Flexural strain at yield point of concrete containing waste
Tetra Pak particles.

notable when adding larger particle sizes that do not have
uniform distribution in the polymer concrete, affecting the
adherence with the polyester resin.

3.3. Compressive Strain at Yield Point. The compressive
strains at yield point values are shown in Figure 5. In the
case of control concrete, the value of 0.0036mm/mm is lower
than the standard polymer concrete reported in the literature,
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(a) (b)

(c) (d)
Figure 7: Polymer concrete without Tetra Pak particles (a) and with 1 wt% at different size; (b) 0.85mm, (c) 1.40mm, and (d) 2.36mm.

namely, 0.006mm/mm. Compressive strain values decrease
progressively when adding waste particles. The lowest values
are obtained for concrete with 6% of particles, which are 16%
lower than control concrete. Nevertheless, a slight increment
is observed for concrete with 1% of waste particles. In general,
no significant variations on the values with respect to particle
size were observed; thus certain strain stability was obtained.

When concrete is irradiated, amaximum improvement of
6% is obtained for concrete with 1% or 2% of particle concen-
trations and irradiated at higher dose (200 kGy). For concrete
with higher particle concentrations a detrimental behavior of
flexural strength is observedwith lower values.These changes
are attributed to the ionizing energy, which produces concrete
with higher ductility; that is, the deformation occurs in a
sustainable way before reaching the breaking point.

3.4. Flexural Strain at Yield Point. In the case of flexural
strain values, significant changes were observed, as follows:
with respect to particle concentrations, flexural strain value
decreases when adding waste Tetra Pak particles; the highest
values were obtained for 1% or 2% of particle concentrations
(Figure 6). With respect to particle sizes, (a) improvements
up to 8% on the values were obtained when lowest size

particles (0.85mm) were added; thus a more ductile concrete
is obtained; (b) by contrary, lowest values were obtained for
concrete with large size particles (2.36mm), being 12% lower
than that for control concrete.

In the case of irradiated polymer concrete, by irradiating
at 100 kGy, concrete deformation decreases up to 6%, for
concrete with 6wt% of waste particles. Nevertheless, for a
dose of 200 kGy, the strain property is improved by 14%.
Such improvement can be attributed to the stress transfer
between polymer matrix and waste particles; it is effective
for concrete with low concentrations (less than 4wt%) of
waste particles of size of 0.85mm. As it is appreciated, a
homogeneous surface for control concrete (without parti-
cles) is observed (Figure 7(a)) which presents changes when
particles are added. Concrete with particles of 0.85mm
has the highest value of flexural strain values, which can
be related to a greater contact area between the particles
and the concrete matrix; thus the stress transfer is greater;
moreover homogenous surface and good distribution of the
particles are observed (Figure 7(b)), while for higher particle
concentrations the values decrease and they are attributed
to irregular distributions of particles (Figures 7(c) and
7(d)).
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Figure 8: Compressive modulus of elasticity of polymer concrete at
different particle concentrations.

3.5. Modulus of Elasticity. Figure 8 shows the modulus of
elasticity for concrete containingwaste particles.With respect
to particle concentrations, a general behavior was observed:
the values decrease gradually when increasing the addition
of particles. Such diminution is consequence of the cellulose
moisture. In fact, the water absorbed by the cellulose does
not provide an efficient load transfer between polymermatrix
and particles. It is important to mention that during polymer
concrete elaboration temperatures over 130∘C are reached by
exothermic polymerization of resin; therefore the moisture
in the cellulose can be evaporated and generate pores in
polymeric matrix, which can modify mechanical properties
of polymer concrete. The lowest value was obtained for
concrete with 6% of waste particles, which means 10% lower
than control concrete. With respect to particle size, slight
variations in the values are observed.

Improvements of 5% are observed for irradiated concrete
with 1% or 2% of waste particles; highest values were found
with specimens irradiated at 100 kGy.The cross-linking effect
caused by ionizing energy on the polymer matrix increases
the resistance and thus Young’s modulus increases [27].

4. Conclusions

In this work, the effects of the concentration and size of waste
Tetra Pak particles (obtained from trash beverage bottles) on
the compressive and flexural strength of polymer concrete
were evaluated. The results show that the compressive and
flexural strength and modulus of elasticity values decrease
gradually when increasing the addition of waste particle
concentration. A slight increment in the flexural strength
values was observed for polymer concrete with smallest
particle size. However, improvements of 14% were obtained

for compressive and flexural strength when irradiating the
concrete specimens at 100 kGy. Finally the modulus elasticity
was improved by 5%.
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