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This paper reports the strength behaviour of concrete containing three types of recycled polyethylene
terephthalate (PET) aggregate. Results are also analysed to determine the PET-aggregate’s effect on the
relationship between the flexural and splitting tensile strengths and compressive strength and to know
whether the relationships between compressive strength and other strength characteristics given in
European design codes are applicable to concrete made with PET-aggregates. The compressive strength
development of concrete containing all types of PET-aggregate behaves like in conventional concrete,
though the incorporation of any type of PET-aggregate significantly lowers the compressive strength
of the resulting concrete. The PET-aggregate incorporation improves the toughness behaviour of the
resulting concrete. This behaviour is dependent on PET-aggregate’s shape and is maximised for concrete
containing coarse, flaky PET-aggregate. The splitting tensile and flexural strength characteristics are
proportional to the loss in compressive strength of concrete containing plastic aggregates.
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1. Introduction

The consumption of plastic has grown substantially all
over the world in recent years and this has created huge
quantities of plastic-based waste. Plastic waste is now a
serious environmental threat to the modern way of living.
In Portugal, post-consumer packaging accounts for almost
40% of total domestic waste and it is therefore an important
source for the recycled materials market'. In a typical
Portugal municipality about 10-14% of all generated waste is
plastic'. Plastic waste cannot be dumped in landfills because
of its bulk and slow degradation rate. Recycling plastic
waste to produce new materials like aggregate in concrete
could be one of the best solutions for disposing of it, given
its economic and ecological advantages. The European
aggregates demand is 3 billion tons per year, representing a
turnover of around €20 billion. Some 90% of all aggregates
are produced from natural resources. The other 10% come
from recycled aggregates (6%), and marine & manufactured
aggregates (2% each). Naturally, the use of waste materials
as aggregate in concrete production will reduce the pressure
on the exploitation of natural resources.

Plastic aggregate (PA) is produced by mechanically
separating and processing plastic waste. A life cycle analysis
of mixed household plastics shows that mechanical recycling
provides a higher net positive environmental impact than the
recovery of energy or land-filling>*. Different types of plastic
waste have been used as aggregate, filler or fibre in cement
mortar and concrete after mechanical treatment. They
include: polyethylene terephthalate (PET) bottles, polyvinyl
chloride, PVC pipes, high density polyethylene, HDPE,
thermosetting plastics, mixed plastic waste, expanded
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polystyrene foam, polyurethane foam, polycarbonate, and
glass reinforced plastic>?'. The details about the generation
of PA as well as the properties of concrete containing PA
are presented in a recent review?>.

The incorporation of PA can significantly improve some
properties of concrete because plastic has high toughness,
good abrasion behaviour, low thermal conductivity and high
heat capacity?>?. PA is significantly lighter than natural
aggregate (NA) and therefore its incorporation lowers the
densities of the resulting concrete®*?. This property can be
used to develop lightweight concrete. The use of shredded
waste PA in concrete can reduce the dead weight of concrete,
thus lowering the earthquake risk of a building, and it could
be helpful in the design of an earthquake-resistant building®.

However incorporation of PA in concrete has several
negative effects such as poor workability and deterioration
of mechanical behaviour’>?. The strength properties and
modulus of elasticity of concrete containing various types
of PA are always lower than those of the corresponding
reference concrete containing NA only. The decrease in
bond strength between PA and cement paste as well as
the inhibition of cement hydration due to the hydrophobic
nature of plastic are the reasons for the poor mechanical
properties of concrete containing plastic. Treating plastic
chemically and coating plastics with slag and sand powders
can improve the mechanical performance of concrete
by improving the interaction between cement paste and
PA'42728 The prolonged curing of PET fibre in simulated
cement pore-fluid can initiate the alkaline hydrolysis of PET,
and form some organic compounds, which may increase the
interaction between plastic aggrgate and cement hydration
products®.
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However, the information available on the use of plastic
waste as aggregate in concrete is not always adequate. For
example, the workability behaviour of concrete containing
similar type of PA is reported to be contradictory in different
references??. The shape and size of the aggregate have a
significant influence on both fresh and hardened concrete
properties. No thorough study is available on the effect of
the shape of PA on the properties of the resulting concrete.

Further research to evaluate plastic waste as an aggregate
in concrete production is therefore required. This is the
background to the work reported here, in which three types
of recycled polyethylene terephthalate aggregate (PET-
aggregate) of differing sizes and shapes were considered
so as to understand how its size and shape influences the
behaviour of the resulting concrete. The development of
compressive strength, the most important concrete property
is analysed along with the relative tensile and flexural
strength, with reference to compressive strength. The results
are then analysed using the present Eurocode 2 and the
European EN 206 standard specifications.

2. Material and Methods

The plastic waste used as aggregate was collected from
a plastic recycling plant in Portalegre, Portugal. The plant
mainly recycles post-consumer PET bottles collected as
compressed bales (Figure 1) that come from urban and
industrial collection sites. The bales of PET-waste mostly
consist of dirty PET-bottles, which are usually contaminated
with other materials and with some non-PET containers such
as PVC, HDPE and poly propylene, bottles. The composition
of a typical waste plastic raw material is presented in Table 1.

In this plastic waste treatment plant, several steps are
adopted to recycle waste plastic. The coarse flakes and
fine fractions were obtained after mechanical grinding
of PET wastes followed by cleaning and separation by

Figure 1. Compressed bales of waste plastic bottles.

Table 1. Composition of typical waste plastic raw materials.

Type of material Mass (%)
PET packaging (with label, cover, etc.) 296
PVC contaminant <0.5
Hazardous Waste 0
Polyethylene + Polypropylene <0.25
Metals, wood, ceramic, glass 0

Other (unspecified) <4

Materials Research

physico-chemical methods. The plastic pellet is produced
from plastic flakes. This material consists of predefined
and even-sized PET-grains, free of contamination at the
microscopic level.

For production of pellets, the flakes of PET are dosed
to a reactor through a system capable of maintaining a
vacuum in the reactor by using a dosing screw, according
to predetermined conditions. The vacuum obtained is less
than 10 mbar. The reactor is equipped with an agitation
system that, by friction, promotes heating of the material
to the drying temperature. The agitation system has three
floors, which ensure uniform and gradual warming of the
material to extrude. Feeding of the extruder is made through
a window with a slider that controls the amount of material
allowed.

The heated material is extruded through an extruder
spindle, with a polymer filter and a spinneret with
holes. The heating and melting of the heated material
is performed in vacuum, which allows the extraction of
volatile contaminants. The extrusion process is relatively
short, which limits the occurrence of secondary reactions
during the melting stage. After passing through a spinneret,

(b)

()

Figure 2. PET aggregates used in this investigation: (a) PC; (b) PF;
(c) PP.

Table 2. Sieve analysis of various PET-aggregates.

Sieve size Cumulative amount passed (%)
(mm) PC PF PP
16.0 100.00 100.00 100.00
11.2 99.96 100.00 100.00

8.0 97.69 100.00 100.00
5.6 49.24 100.00 100.00
4.0 20.59 99.99 99.46
2.0 0.89 45.65 7.93
1.0 0.02 0.94 0.04
0.5 0.00 0.01 0.02
0.25 0.00 0.00 0.00
0.125 0.00 0.00 0.00
0.063 0.00 0.00 0.00
Residue 0.00 0.00 0.00
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Table 3. Properties of the aggregates.
Property Method used Results
CA FA PC PF PP
Particle density ~ SSD basis (kg.m?) EN 1097-6 2606 2643 1344 1344 1344
Water absorption dry basis, 24 h (%) EN 1097-6 0.63 0.20 0.18 0.25 0.10
Bulk density (kg.m™) ASTM C 29/C 29M-97 1418 1441 351 555 827
SSD: saturated surface dry; CA: coarse natural aggregate; FA: fine natural aggregate.
Table 4. Concrete mix composition.
Concrete Cement Water Aggregate (kg.m™) w/C
- -3 -3
fixes (kg.m) (ke.m™) Coarse Fine PC PF PP
Ref 350 185.5 996.4 802.7 - - - 0.53
PC5 350 213.5 920.4 788.4 45.9 - - 0.61
PC10 350 227.5 844.5 774.1 91.7 - - 0.65
PC15 350 259.0 768.5 759.8 137.5 - - 0.74
PF5 350 199.5 996.4 713.3 - 459 - 0.57
PF10 350 210.0 996.4 624.0 - 91.7 - 0.60
PF15 350 224 996.4 534.6 - 137.5 - 0.64
PP5 350 185.5 996.4 713.3 - - 45.9 0.53
PP10 350 182 996.4 624.0 - - 91.7 0.52
PP15 350 182 996.4 534.6 - - 137.5 0.52
100 The experimental methods used to determine various
90 1 aggregate properties and results are presented in Table 3.
s 80 1 The concrete mixes were prepared by the same method,
§ 28 1 which requires using exactly the same aggregate grading
Z o ] curve and concrete composition in terms of cement content,
;‘ 40 1 coarse and fine aggregate quantities and slump value. The
3 30 | differences between the various mixes are thus reduced
E 20 | solely to the coarse aggregates’ nature. The Faury aggregate
10 4 grading curve presented in Figure 3 was used in this work.
0 p— = - It also shows the grading size distribution of the natural
0.01 0.1 1 10 100 aggregates (NA), determined using NP EN 933-2. All types

Sieve Size, mm (in log scale)

Figure 3. Faury grading curve (with markers) and the grading size
distribution curves of NA.

the melt is collected in a cooling bath that solidifies the
polymer before being granulated in a rotary cutter in water.
The mixture of water and grains of polymer is subjected
to a vibratory separator and then the grains of polymer are
centrifuged to remove excess water. The plastic pellets are
then pneumatically transported to the weighing system and
then to a packaging station.

The coarse flakes (PC), fine fraction (PF) and the plastic
pellets (PP) are used as plastic aggregate in the preparation
of structural concrete and depicted in Figure 2. No further
crushing of the PET-aggregates was done in the laboratory.
The sieve analysis of the PET-aggregates was carried out
according to method NP EN 933-2 and is presented in
Table 2. CEM II A-L42.5 R type cement was used in this
work. Calcareous natural coarse aggregates of three different
size ranges and quartzite natural fine aggregates of two
different size ranges were used throughout.

of aggregate were therefore separated into different size
fractions by mechanical sieving.

A total of nine concrete mixes containing three types
of PET-aggregate, plus one reference concrete (exclusively
with NA) mix, were prepared for a constant range of slump
120-135 mm (Table 4). Three sub-classes of concrete mixes
were prepared by replacing 5%, 10% and 15% volume
of NA by equal volumes of each type of PET-aggregate.
The preparation of concrete mixes, their casting and the
evaluation of their properties followed standard procedures.
The different test methods used to determine fresh and
hardened state concrete properties are presented in Table 5.
Results for all mechanical properties are the average of
three specimens.

3. Results and Discussion

3.1. Mechanical behaviour

The development of compressive strength of the
reference concrete and of those containing the three types
of PET-aggregates in varying amounts is presented in
Figure 4. The 7, 28 and 91-day compressive strengths (f, ),
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Table 5. Experimental methods used to evaluate concrete.

Targeted properties Method

Fresh concrete
NP EN 12350-2
NP EN 12350-6

Slump test
Density

Hardened concrete
NP EN 12390-3
NP EN 12390-6

NP EN 12390-5
LNEC E 394

Compressive strength
Splitting tensile strength
Flexural strength

Water absorption capacity
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Figure 4. Development of compressive strength of various concretes
with increasing curing time.
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standard and average deviations (S, and A respectively)
of concrete with plastic aggregate as a substitution of 0
(reference), 5%, 10% and 15% natural aggregate are given
in Table 6.

The figure indicates that the development of compressive
strength of concrete containing all types of PET-aggregate
follows a similar behaviour to conventional concrete,
although the incorporation of any type of PET-aggregate
significantly lowers the compressive strength of the resulting
concrete. The increase of compressive strength in the initial
curing period (0 to 28 days) is substantially higher than that
for later curing periods. However, a significant proportion of
the reduction in strength of the PC and PF mixes compared
to the control is due to the increased water to cement
ratio necessary to maintain slump (Table 4). The 28-day
compressive strength is near the figures for 91 days in most
cases, since it is known that concrete almost reaches its full
strength during the first 28 days of curing. Albano et al.
and Frigione et al. report similar observations for concrete
containing PET-aggregates™’.

Figure 5 shows the relative strength of all types of
concrete with respect to the strength of the 91-day concrete
for different percentages of substitution. It appears that the
early strength gain trend of concrete prepared with 15%
volume replacement of NA by PC (PC15) with respect to
91-day strength is slightly different from the equivalent
trend for concrete made with 5% and 10% replacement
(PCS5 and PC10). The trends followed by PP and PF for all
substitution levels are almost identical, however. The 7-day
compressive strength of PC15 is low compared to its 91-day
strength. After 28 days of curing it gains substantial strength
but is still lower than the other types of concrete. The 7-day
relative compressive strength of concrete containing PP
and PF at all substitution levels is considerably higher than
that for the control concrete specimens, and it is highest for
concrete containing 15% PP-aggregate (PP15).

The possible reason for the early strength gain for
most of the concretes containing PET-aggregate is the low
thermal conductivity of PET-aggregate. The low thermal
conductivity may reduce the heat loss and therefore
increase the temperature rise during hydration of cement
pastes, which ultimately increases the strength of concrete

Table 6. Compressive strength of concrete with various percentages of replacement of natural aggregates (NA) by plastic aggregates.

% of Type of 7 days 28 days 91 days

substitution aggregate i S,.. A, i S,., A, i S,.. A,
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)

Normal 33.18 0.269 0.204 43.07 0.091 0.066 46.19 0.198 0.136

5 PC 24.37 0.481 0.349 31.34 0.253 0.187 33.98 0.479 0.361
PF 31.48 1.085 0.740 36.11 0.204 0.156 40.63 0.446 0.338

PP 31.95 0.785 0.532 37.82 1.06 0.779 40.88 0.694 0.521

10 PC 18.25 0.802 0.615 2242 0.964 0.724 25.01 0.830 0.569
PF 26.32 0.825 0.593 30.79 0.994 0.674 33.87 0.301 0.214

PP 31.81 0.703 0.482 36.86 0.498 0.342 38.93 0.318 0.237

15 PC 11.20 1.081 0.823 15.10 1.070 0.821 17.88 0.845 0.595
PF 22.47 0.962 0.738 25.33 0.798 0.561 29.59 0.927 0.630

PP 29.43 0.695 0.478 33.41 0.610 0.419 35.40 0.819 0.562

Ref: reference concrete; PC: coarse plastic aggregate; PF: fine plastic aggregate; PP: pellet-shaped plastic aggregate.
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specimens. Kan and Demirboga also observed a substantial
strength gain in concrete containing modified expanded
polystyrene aggregate (MEPS) in the early curing periods'®.
The authors stated that the lower specific thermal capacity
of MEPS-aggregate resulted in a reduced heat loss from
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Figure 5. Percentage of 7- and 28-day compressive strength of
concrete containing PET aggregates and the reference concrete
with respect to the 91-day strength for different percentages of
substitution.

Table 7. Splitting tensile strength (TS) and flexural strength (FS)
to compressive strength (CS) ratios.

Concrete type TS/CS FS/CS
Ref 0.081 0.110
PC5 0.088 0.124
PC10 0.102 0.138
PC15 0.121 0.158
PF5 0.085 0.118
PF10 0.092 0.122
PF15 0.090 0.118
PP5 0.085 0.120
PP10 0.085 0.115
PP15 0.086 0.119
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the concrete, thereby increasing the heat of hydration.
However, less strength gain in the early period for PC15 is
unknown, though the very high w/c ratios (Table 4) might
have some effect.

Substantial reductions in other strength properties
(splitting tensile strength, TS and flexural strength, FS)
were also observed for all substitution patterns as the
percentage of PET-aggregate incorporated increased. The
reason is basically similar to that given in almost all studies
related to plastic aggregate incorporating concrete: the
weak interfacial binding between the plastic aggregate and
cement paste.

3.2. Relationship of compressive strength with
other properties

The ratio between the tensile and compressive strength
can give information on the toughness behaviour of concrete
specimen®. Concrete of higher toughness exhibits higher
values of this ratio. The tensile/compressive strength and
flexural/compressive strength ratios are therefore determined
and presented in Table 7. The ratios between the tensile
and compressive strengths observed for all PET-aggregate
containing specimens are higher than that for conventional
concrete, and the value increases with PET content. Thus

Figure 6. Concrete specimens after determinations of tensile
splitting strength: (a) Reference; (b) PP10; (c) PF10; (d) PCS.
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incorporation of PET-aggregate in concrete mixes increases
the toughness behaviour. For a particular amount of PET-
aggregate addition, this order can be arranged as: PC > PF
> PP, which indicates that the large-flake PET-aggregates
can have more effect on improving the toughness behaviour
of resulting concrete than the other two fractions. The ratio
between flexural and compressive strength behaves like the
ratio between tensile and compressive strength.

Figure 6 shows the specimens after failure during the
tensile strength determination of various concrete specimens.
The presence of PF at 10% and 15% substitution levels and
PC at all substitution levels in the concrete specimens
prevented them from suddenly separating into two pieces,
as was generally observed in the reference concrete, in the
specimens containing PP for all substitution levels and in PF
for 5%. Thus concrete specimens with PET-aggregate are
able to withstand additional loading after they crack. This is
perceptibly more pronounced for concrete containing flaky
PET-aggregates, where the specimens do not physically
separate into two pieces under loading, possibly due to the
bridging of cracks by PET-particles. Concrete containing
flaky PET-aggregate may be able to do this better than that
containing PET-pellet because of the differences in their load
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Figure 7. Percentage reduction of flexural strength (FS) with
compressive strength (CS) reduction in various other concrete with
respect to the reference concrete.
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transfer ability. Once debonded from the concrete matrix
pellets are too short to transfer the applied load through
interfacial frictional force, whereas flakes are longer and
can transfer the applied load?!.

The percentage reduction of compressive strength
was also compared with the percentage reductions of
flexural strength with respect to the reference concrete, as
presented in Figure 7. As in the Hannawi et al. study (2010),
the reduction in compressive strength with respect to the
reference concrete was greater than the reduction observed
in the flexural strength®. This difference is more pronounced
for concrete with PC, which is coarser and flakier than the
other two PET-aggregates. Incorporating PET-aggregate
in concrete thus improves the relative flexural strength
behaviour. The observed results also suggest that the flexural
behaviour is dependent on the size and shape of the PET-
aggregate. Regardless of the type of plastic, the correlations
between the 28-day splitting tensile and flexural strengths
(represented in X-axis) and the 28-day compressive strength
(represented in Y-axis) can be presented by following linear
Equations 1 and 2 respectively:

Y=11.618X + 0.9101; R* = 0.980 (1)

Y =10.888X-9.9961; R* = 0.973 (2)

Figure 8 shows the relationship between 28-day
compressive strengths (represented in Y-axis) and
corresponding dry densities (represented in X-axis) of
concrete specimens. It can be seen that the decrease in dry
density of concrete specimens is associated with the decrease
of its compressive strength. It should also be mentioned
that increasing the content of all types of PET-aggregate in
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Figure 8. Relationship between 28-day dry density and compressive
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concrete lowers its dry density. Regardless of the type of
plastic, the following linear relationship can be proposed to
correlate dry density with compressive strength:

Y=0.1091X-219.71; R? = 0.983 (3)

3.3. Water absorption behaviour

The 28-day water absorption capacities of concrete
specimens containing the different PET-aggregates at
various replacement levels are presented in Figure 9.
The results reveal that the incorporation of PP-aggregate
at all replacement levels and PF-aggregate at 5 and 10%
replacement levels do not have too much influence on the
water absorption behaviour of the resulting concrete. In
fact, incorporating PP-aggregate up to 10% replacement
level lowers the water absorption capacity of the concrete
specimen. But the water absorption capacity of concretes
containing 15% PF-aggregate replacement and PC aggregate
at all replacement levels is higher than the normal concrete.
For PC-aggregate, water absorption increases with higher
replacement levels.

70
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Figure 10. Percentage reduction of water absorption (WA) and
compressive strength (CS) of various other concrete with respect
to the reference concrete.
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Figure 11. Cubic compressive strength versus (a) tensile strength;
(b) flexural strength (the solid line is obtained using the EC2
expression).
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The differences in percentage of compressive strengths
and water absorption capacities of concrete containing
various types of PET-aggregates from the control mix
are presented in Figure 10. The positive and negative
values on the Y-axis respectively indicate the increasing
and decreasing percentage amount of these parameters
with respect to the amount for the reference concrete. The
decreasing percentage of compressive strength for concretes
containing 15% PF replacement and the concrete containing
PC-aggregate at all replacement levels is due to the higher
porosity of these concretes, as higher water absorption
generally indicates higher porosity. But the reduction in the
compressive strength of concretes containing PP-aggregate
at all replacement levels, as well as the concrete containing
PF-aggregate at 5 and 10% replacement levels, cannot be
related to the water absorption capacity of these concrete
compositions as the later values nearly the same or better
than that of the reference. This indicates that another factor
such as PET-aggregate to cement paste binding is also
responsible for the strength reduction of concrete containing
PET-aggregate.

3.4. Analysis of results using Eurocode 2

In spite of limitations such as restricted amounts of
experimental data and minimum variations of experimental
conditions, the experimental results are analysed using the
existing Eurocode 2 (EC 2004), as explained below™.

According to Eurocode 2 (EC2), the relationship
between mean cubic compressive strength (f, ) and
characteristic cylindrical compressive strength (f,) can be
expressed by*:

f;m =1.25. ‘fck (4)

According to this relationship, the 28-day cylindrical
compressive strength of the reference concrete should be
around 34.46 MPa. Again from EC2, the splitting tensile

strength (f ) can be related to f, by the following
expression:
f‘ctm,xp = (1/09)*[03 (ffk)Z/S] (5)

Thus the predicted splitting tensile strength for reference
concrete should be around 3.53 MPa. The observed tensile
strength (3.47 MPa) is almost the same as the predicted
value for the 28-day splitting tensile strength of the reference
concrete.

Table 8. Environmental exposure classes (EN 206).

Class Environmental exposure condition Subclasses
No risk of corrosion (inside buildings with
X0 . - 1
very low air humidity)
Corrosion of the reinforcement induced by
XC . 4
carbonation
Corrosion of the reinforcement induced by
XD . 3
chlorides other than from sea water
Corrosion of the reinforcement induced by
XS . 3
chlorides from sea water
XF Freeze-thaw attack with or without de-icing 4
agents
XA  Chemical attack 3
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A plot of the cubic compressive strength versus tensile
strength for different concrete specimens is presented in
Figure 11a. The solid line is extrapolated from data obtained
using the EC2 expression for concrete with various types
and amounts of PET-aggregate. From the figure, it can be
concluded that the tensile strength of the reference concrete
and the concretes incorporating PP and 5% and 10% of
PF are almost the same as or slightly lower than the value
predicted by EC2. On the other hand, the tensile strength
of concrete containing PC at all substitution levels and
concrete containing 15% PF is considerably lower than the
value obtained from EC2. The deviations of the experimental
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results from the results established in EC 2 are possibly due
to the higher w/c ratios, the poorer workability and greater
porosity of this type of concrete compared with the other
concrete mixes.

According to EC2, the relationship between mean cubic

compressive strength (f, ) and flexural strength (f, ) of
concrete below class C50/60 is expressed by?*:
fog MPa) = 1.5 [0.3%(f, /1.25)*], where f, isin MPa  (6)

Thus, based on this relationship, concrete with a cubic
compressive strength of 43 MPa should have a flexural

Table 9. Some concrete subclasses and comparison of the relevant properties of these classes with concrete prepared in this investigation.

Class Environmental Where exposure classes may  Maximum Minimum Minimum Minimum air
exposure condition occur W/C strength cement content  volume (%)
class* (kg.m™)
X0 No risk of corrosion Inside bull.dmgs \.Nl.th very low - - -
air humidity
Inside buildings with low air
XC1  Dry or permanently wet humidity 0.65 20/25 260
XC2 Wet, rarely dry Water retaining structures 0.60 25/30 280
Foundations
Inside buildings with moderate/
XC3 Moderate humidity high air humidity 0.55 30/37 280
External structures sheltered
from rain
XC4 Cyclic wet-dry External structures exposed to 0.50 30137 300
rain water
XDl Moderate humidity ~ Suuctures exposed to direct 0.55 30137 300
spray containing chlorides
Swimming pools
XD2 Wet, rarely dry Structures exposed to industrial 0.55 30/37 300
waters with CI”
Parts of bridges
XD3 Cyclic wet-dry Pavements 0.45 35/45 320
Car park slabs
Exposed to airborne Struct ) th
XS1  salt but not in direct vetutes neat o or ot fhe 0.50 30137 300
. coastal area
contact with sea water
Moderate water Vertical surfaces exposed to rain
XF1  saturation, without de- el st P ! 0.55 30137 300
. and freezing
icing salts
Moderate water Vertical surfaces of road
XF2 saturation, with de- structure exposed to freezing 0.55 25/30 300 4
icing salts and airborne de-icing salts
XF3 Hl.gh water §aFurat10n, Horlzont.jal surfaces e.xposed to 0.50 30/37 320 4
without de-icing salts rain and freezing
Ref 0.53 43 350
PC5 0.59 31 350
PC10 0.63 22 350
PC15 0.70 15 350
PF5 0.56 36 350
PF10 0.57 31 350
PF15 0.59 25 350
PP5 0.53 38 350
PP10 0.52 37 350
PP15 0.52 33 350

*Cylinder/cube concrete strength class (N/mm?) based on cement of strength class 32.5.



2013; 16(2)

strength of 4.76 MPa. The flexural strength observed for
the reference concrete, i.e. 4.74 MPa, is almost equal to the
value predicted by EC2.

A plot of the cubic compressive strength versus flexural
strength for different concrete specimens is presented in
Figure 11b. The solid line is extrapolated from data obtained
using the EC2 expression for concrete with various types
and amounts of PET-aggregate, which is calculated from
the experimental compressive strength. Unlike the splitting
tensile strength, the flexural strength of the reference
concrete and the concrete incorporating plastic behaves
according to EC2.

3.5. Analysis of results using European standard
EN 206

The European Standard EN 206 defines the classes of
concrete according to various environmental conditions
and recommends relevant technical limits for concrete
composition and strength class*. Again, each class has
various subclasses. The definition of the various classes is
presented in Table 8.

Table 9 lists some relevant subclasses, plus the technical
limits required for durable concrete in terms of maximum
water-cement ratio (w/c), minimum 28-day characteristic
compressive strength (strength class), and minimum air
volume, if any, along with the properties of the concrete
prepared in this research.

Although more investigation is necessary, from Table 9
it can be concluded that concrete mixes prepared with 5%
substitution of NA by PC, 5% and 10% substitution of NA
by PF and 15% substitution of PP meet the requirements
of concrete subclasses XC1, XC2 and possibly XF2.
Furthermore, concrete containing 15% PF meets the
specifications for XC1. Concrete prepared by substituting
5% and 10% of NA by PP meets all concrete subclasses’
requirements indicated in Table 9 except subclass XD3,
due to not enough strength, and some other classes due to
high water to cement ratio. However, concrete mixes with
10% and 15% PC do not conform to any of the classes
mentioned in this table. This is mainly because of the very
poor workability of these concrete mixes and their high w/c
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