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This paper presents an experimental study about the effects of elevated temperatures on the residual
mechanical properties of concrete incorporating selected plastic waste aggregates (PWAs). Six different
concrete mixes were prepared: a reference concrete (RC) made with natural aggregates (NAs) and five
concrete mixes with replacement ratios of 7.5% and 15% of natural aggregate by three types of polyeth-
ylene terephthalate (PET) plastic waste aggregate (CPWA). Specimens were exposed to temperatures of
600 �C and 800 �C for a period of 1 h, after being heated in accordance with the ISO 834 time–temperature
curve. After cooling down to ambient temperature, the following properties were evaluated and com-
pared with reference values obtained prior to fire exposure: (i) compressive and (ii) splitting tensile
strengths, (iii) elastic modulus, (iv) ultrasonic pulse velocity (UPV), (v) surface hardness, and (vi) water
absorption by immersion. For the replacement ratios used in these experiments, the maximum temper-
atures reached in CPWA were higher than those measured in RC, due to the higher porosity increase with
temperature of the former type of concrete that facilitated the propagation of heat inside concrete, and
the exothermic thermal decomposition of plastic aggregates that generated additional heat. After expo-
sure to elevated temperatures, the degradation of compressive strength and elastic modulus of CPWA
was higher than that of RC, particularly for the highest replacement ratio, as a consequence of the higher
porosity increase experienced by CPWA. The reduction of residual splitting tensile strength of CPWA was
found to be similar to that of RC, possibly because the incorporation of PWA led to lower internal stresses
due to thermal gradients and allowed an easier dispersion of gases confined in pores, thus reducing crack
development in the matrix. The magnitude of the degradation of concrete’s residual mechanical proper-
ties was seen to depend on the type of PWAs and the replacement ratio. The residual compressive
strength of CPWA proved to be strongly correlated with both UPV and water absorption by immersion,
but its correlation with surface hardness was less significant.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Modern plastics proved to be one of the most revolutionary
materials developed in the twentieth century, with numerous
applications in several industries, such as packaging, building
and construction, automotive, electrical and electronics. Since their
development in the 1930s, the consumption of plastics has been
increasing consistently and considerably. Between 1950 and
2011, the annual world production of plastics increased from 1.7
to 280 million tons [1]. Among the several types of plastics pro-
duced, polyethylene terephthalate (PET) is one of the most rele-
vant, presently corresponding to about 7% of the above
mentioned figures [1].
A considerable proportion of products and goods made of plas-
tics are generally discarded soon after being produced (e.g., PET
water and soda bottles, food packages), generating huge amounts
of plastic post-consumer waste. The production of this type of
waste will continue to increase in the future. In fact, it has been
estimated that the annual production of plastic waste doubles
every 10 years [2].

Presently, the management of plastic waste is far from being
sustainable. According to a study carried out at Columbia Univer-
sity by Themelis et al. [3], in the United States of America, in
2008, 85.8% of plastic waste was landfilled, 7.7% was incinerated,
while only 6.5% was recycled. According to the European Associa-
tion of Plastics Manufacturers, a better (and improving) plastic
waste management practice has been followed in Europe, resulting
in the following statistics (average between 2006 and 2011): 51%
(landfill), 27% (incineration) and 22% (recycling) [1]. Overall, these
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figures draw attention to the need to increase the levels of plastic
waste recycling, namely taking into account (i) the limited avail-
ability of landfills and increasingly stringent legislation, (ii) the
environmental risks in terms of soil contamination (caused by
the chemical aggressiveness of this type of waste) and fire defla-
gration (due to their combustible nature), and (iii) the intrinsic
resistance of this type of waste to atmospheric and biological
agents [4].

Although there are several recycling possibilities, the reuse of
solid plastic waste to produce other materials, namely concrete,
stands out as one of the most economical and sustainable alterna-
tives to dispose of this type of waste [5]. Several studies have
addressed the technical viability of incorporating selected plastic
waste in concrete, investigating the effects of such incorporation
on the mechanical and durability properties of concrete.

The literature [5–10] on the mechanical performance of con-
crete made with plastic waste aggregates (CPWA), with emphasis
on PET aggregates, seems to be relatively consensual. As a matter
of fact, even small incorporation ratios not exceeding 15% of the
natural aggregates volume can cut by half the most important
mechanical properties of concrete (compressive and tensile
strength, and elastic modulus) made with plastic aggregates by
comparison with a reference concrete with natural aggregates
only.

As for the durability behaviour of CPWA, the literature is less
abundant [7,11–13]. Its results are also less consensual, namely
in terms of shrinkage and carbonation and chloride penetration
(opposite trends have been found by comparison with a reference
concrete), while there is consensus that the water absorption, both
by capillarity and immersion, increases as the ratio of replacement
of natural aggregates by recycled plastic aggregates increases.

The above mentioned studies provide a reasonable understand-
ing about the mechanical and durability performance of CPWA,
showing that their mechanical performance decreases monotoni-
cally with the replacement ratio, but some of the durability-related
properties may be improved with the incorporation of these aggre-
gates. However, in order to enable the widespread use of this mate-
rial in civil engineering applications, namely in buildings, it is also
important to assess the fire behaviour of CPWA, particularly if tak-
ing into account the legitimate concerns raised by the combustible
nature of this type of recycled material.

The main goal of this study is to investigate the behaviour of
CPWA when subjected to high temperatures, in terms of thermal
response and residual mechanical properties. For this purpose,
six types of concrete mixes were produced: a reference concrete
(RC) and five concrete mixes incorporating 7.5% or 15% of three dif-
ferent types of PET plastic waste aggregates (PWAs) as a replace-
ment of natural aggregates (NAs). All concrete mixes were
exposed, for 1 h, to furnace temperatures of 600 �C and 800 �C,
after being heated according to the nominal curve defined in ISO
834 [14]. It is worth mentioning that the main goal of the experi-
ments was not to perform a full and thorough characterization of
the post-fire residual mechanical performance of CPWA, but rather
to assess the direct influence of incorporating PWA on such
performance.
2. Literature review and research significance

Numerous studies were conducted in the past on the fire behav-
iour of normal strength conventional concrete. Those studies have
provided a comprehensive understanding of the main physical–
chemical deterioration mechanisms underwent by concrete and
its main components at different temperatures [15–17]. In addi-
tion, they allowed establishing reference curves that define the
variation of the main physical and mechanical properties of
concrete as a function of the temperature, both in hot and in resid-
ual conditions (e.g., [18,19]).

More recently, the fire behaviour of different types of concrete
has also been the object of research. Among the types of concrete
whose fire behaviour is relatively well documented in the litera-
ture are high strength concrete (e.g., [20,21]), fibre reinforced con-
crete (e.g., [22,23]), lightweight concrete (e.g., [24,25]), aerated
concrete [26] and concrete containing different types of supple-
mentary cementing materials, such as blast furnace slag (e.g.,
[27,28]), fly ash (e.g., [29,30]) or silica fume (e.g., [31,32]).

In the past few years, exploratory studies were also performed
on the fire behaviour of concrete incorporating different types of
recycled aggregates. Those studies, recently reviewed by Cree
et al. [33], focus on the effects of incorporating different types of
recycled aggregate, namely ceramic material (e.g., [34,35]), con-
crete (e.g., [36,37]), glass [38] and rubber from scrap tyres [39,40].

The research conducted so far about the fire behaviour of CPWA
is very limited. As mentioned above, this is a topic worthy of inves-
tigation due to the combustible nature of this type of aggregate, its
relatively low decomposition temperature and the consequent
possible influence on the residual mechanical performance. To
the authors’ best knowledge, the only study reported in the litera-
ture addressing the fire behaviour of CPWA is the one by Albano
et al. [8]. These authors investigated the residual flexural strength
of concrete slabs incorporating PET waste as a replacement of nat-
ural fine aggregate after being exposed to temperatures of 200 �C,
400 �C and 600 �C for 2 h. The authors tested several concrete
mixes (that exhibited different slumps) in which they varied the
w/c ratio (0.50 and 0.60), the replacement ratio (10% and 20%)
and the size of the PET particles (0.26 cm, 1.14 cm and a 50/50
combination thereof). Regardless of the composition, the flexural
strength of all concrete mixes suffered no noticeable changes after
being exposed to 200 �C, but presented a considerable decrease
after being subjected to 400 �C and especially after being exposed
to 600 �C. The authors did not provide a comparison of the perfor-
mance reduction (with temperature) of the different CPWA mixes
with that experienced by reference concrete mixes. Furthermore,
in this study, the effects of PET waste incorporation on the residual
compressive and tensile strengths as well as on the elastic modulus
were not determined.

This paper aims at bridging the current gap in the information
about the behaviour of CPWA subjected to elevated temperatures.
In particular, this study is focused on the assessment of the thermal
response and post-fire residual mechanical properties of CPWA
(compared to normal concrete), namely the compressive and split-
ting tensile strengths, the elastic modulus, the ultrasonic pulse veloc-
ity, the surface hardness and the water absorption by immersion.
3. Experimental programme

3.1. Materials

The materials used in the experimental programme comprised
natural aggregates (NAs), selected plastic waste aggregates
(PWAs), cement type CEM II A-L 42.5 R (provided by SECIL), and
tap water. The NAs (provided by Unibetão) included crushed lime-
stone of three size ranges used as coarse aggregates, and quartzite
river sand of two size ranges used as fine aggregates. Three types of
PET PWAs (provided by Selenis, a plastic recycling plant) were
used: coarse and flaky (PCAs – plastic coarse aggregates), fine
and flaky (PFAs – plastic fine aggregates), and fine and regular
shape (PPAs – plastic pellet aggregates). PCAs and PFAs were
obtained by shredding PET bottles to particles with sizes between
2 mm and 11.2 mm and 1 mm and 4 mm, respectively. PPAs
resulted from a thermal treatment of shredded PET bottle waste.
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Fig. 1. Grading curves of the NAs and PWAs used in the concrete mixes.
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Fig. 2. TGA/DSC tests on PWAs: remaining mass and heat flow vs. temperature.
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3.2. Tests on aggregates

The following tests were carried out on the different types of
aggregates: (i) size grading analysis, in accordance with EN 933-1
[41] and EN 933-2 [42]; (ii) particle density and water absorption
(EN 1097-6 [43]); (iii) loose bulk density (EN 1097-3 [44]); (iv) Los
Angeles abrasion (only for the coarser NA, LNEC E-237 [45]); and
(v) shape index (EN 933-4 [46]). Table 1 shows the most relevant
results of these tests and Fig. 1 illustrates the grading curves of
the NAs and PWAs used in the experiments.

The particle dry density of PWAs is significantly lower than that
of NAs. The same applies to bulk density, but here there is a
remarkable difference between the values of the various types of
PWAs, with maximum and minimum values presented respec-
tively by PPA (739 kg/m3) and PCA (261 kg/m3) aggregates. This
stems from the PCA aggregates’ flaky shape, which determines a
less efficient space use. The water absorption results show a simi-
larity between PWAs and NAs. The water absorption of PWAs
(which, in principle, should be impermeable) was slightly higher
than that reported in the literature (e.g., [5,9,10]), possibly due to
the difficulty in drying completely the aggregates’ surface.

The mass variation and energy changes as a function of temper-
ature suffered by the three types of PWAs were also evaluated by
means of thermogravimetric (TGA) and differential scanning calo-
rimetry (DSC). Tests were carried out according to ISO 11357 [47]
on a SDT2960 Simultaneous thermogravimetric analyser from TA
Instruments from ambient temperature (approximately 20�) to
about 800 �C in air atmosphere, at a heating rate of 5 �C/min.
Fig. 2 shows the remaining mass (RM) and the heat flow (HF) of
the PWAs as a function of temperature. The behaviour exhibited
by the three types of PWAs is very similar. Up to approximately
350 �C, PWAs suffer some kind of decomposition, with reduced
mass loss and very little thermal effects. For higher temperatures,
PWAs ignite and burn – the remaining mass decreases very sharply
and the heat flow curves exhibit considerable exothermic peaks.
The average onset decomposition temperature (for the three types
of PWAs), defined as the temperature for which 5% of the mass is
lost, was set at Td,onset = 378 �C. The average temperature of decom-
position, determined as the temperature for which 50% of the mass
is lost, was set as Td = 425 C. For temperatures higher than about
550 �C, the mass remained constant, with an average final inor-
ganic residual mass of 0.2%.

3.3. Concrete mixes design

The experimental programme comprised the design of a total of
six concrete mixes: a reference concrete (RC), a concrete mix with
an NA/PCA replacement ratio of 7.5% (referred to as C7.5PC), two
concrete mixes with NA/PPA replacement ratios of 7.5% and 15%
(C7.5PP and C15PP), and finally two concrete mixes with NA/PFA
replacement ratios of 7.5% and 15% (C7.5PF and C15PF).

The composition of all mixes is shown in Table 2. The RC was
designed according to Faury’s method [48] aiming at a compressive
strength class C30/37 (according to EN 206-1 [49]) with a slump of
125 ± 10 mm. The maximum particle size was set as 22.4 mm. This
Table 1
Aggregate test results.

Type of aggregate Coarse gravel Fine gravel Granule

Particle dry density (kg/m3) 2671 2665 2732
Water absorption (%) 0.55 0.92 0.31
Loose bulk density (kg/m3) 1394 1420 1469
Los Angeles coefficient (%) 32.0 29.3 –
Shape index (%) 11.0 16.2 –
resulted in a cement content of 350 kg/m3 and a w/c ratio of 0.54.
No admixtures or additional constituents were used.

Regarding the CPWA mixes, in order to allow a valid compari-
son between the results of each composition, the Abrams cone
slump of all mixes was also set equal to 125 ± 10 mm. In addition,
all mixes in this experiment have the same aggregate size distribu-
tion and cement content. The different influence of each type of
PWA in the workability of fresh concrete, associated to its replace-
ment ratio, imposed an adjustment of the w/c of each mix. The
replacement of NAs by flaky PWAs (PCAs and PFAs) caused a reduc-
tion of the slump values, more pronounced for the highest incorpo-
ration ratio, resulting in a w/c increase to regain the target slump.
On the other hand, the more spherical shape of PPAs in comparison
to the NAs allowed a reduction of the w/c.
Coarse sand Fine sand PCA PPA PFA

2717 2647 1302 1303 1280
0.05 0.15 0.75 0.39 0.11
1461 1462 261 739 438
– – – – –
– – – – –



Table 2
Composition, w/c ratio, fresh density, slump, and 28-day mechanical properties of all concrete mixes (average ± standard deviation).

Component/property Concrete mix

RC C7.5PC C7.5PF C15PF C7.5PP C15PP

Natural coarse aggregates (kg/m3) 16–22.4 mm 323.0 311.3 319.6 313.0 324.6 328.0
11.2–16 mm 321.2 309.6 317.8 311.2 322.8 326.1
8–11.2 mm 122.8 113.2 121.5 119.0 123.4 124.7
5.6–8 mm 125.5 60.9 124.2 121.6 126.1 127.4
4–5.6 mm 110.7 60.0 109.6 107.3 111.3 112.4

Natural fine aggregates (kg/m3) 2–4 mm 204.8 176.1 127.4 51.0 102.9 0.0
1–2 mm 164.0 158.0 105.2 47.2 131.3 98.9
0.5–1 mm 102.5 98.8 101.4 99.3 103.0 104.1
0.25–0.5 mm 257.0 247.7 254.4 249.1 258.3 261.0
0.125–0.25 mm 72.4 69.8 71.7 70.2 72.8 73.5

PCA (kg/m3) 8–11.2 mm 0 2.5 0 0 0 0
5.6–8 mm 0 27.6 0 0 0 0
4–5.6 mm 0 21.5 0 0 0 0
2–4 mm 0 9.8 0 0 0 0

PFA (kg/m3) 2–4 mm 0 0 35.3 69.1 0 0
1–2 mm 0 0 28.9 56.6 0 0

PPA (kg/m3) 2–4 mm 0 0 0 0 49.5 100.0
1–2 mm 0 0 0 0 17.4 35.1

Cement (kg/m3) 350 350 350 350 350 350
Water (kg/m3) 189 214 186 179 196 210
w/c ratio (–) 0.54 0.61 0.56 0.60 0.53 0.51
Slump (mm) 127 ± 4.2 116 ± 2.2 130 ± 8.4 127 ± 10.3 128 ± 5.4 124 ± 8.8
Fresh density (kg/m3) 2401 ± 19.2 2293 ± 19.1 2347 ± 12.7 2275 ± 16.7 2319 ± 11.4 2204 ± 24.0
fcm,28 (MPa) 44.0 ± 1.10 29.3 ± 0.50 38.6 ± 1.81 36.3 ± 1.02 34.7 ± 0.42 27.5 ± 0.80
fctm,28 (MPa) 2.82 ± 0.21 2.28 ± 0.12 2.50 ± 0.31 2.02 ± 0.16 2.27 ± 0.13 1.76 ± 0.28
Ecm,28 (GPa) 34.8 ± 2.85 26.8 ± 0.59 31.8 ± 0.83 28.8 ± 0.58 29.8 ± 0.42 21.9 ± 0.92
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3.4. Specimen preparation

For all concrete mixes and the four conditions tested (28 days,
ambient temperature exposure (T20) and two values of elevated
temperature exposure (T600 and T800), cf. Section 3.6), 5 cubic
specimens (150 mm) were produced for compressive strength
tests, while 5 and 3 cylindrical specimens (u150 � 300 mm) were
produced respectively for splitting tensile strength and elastic
modulus tests. For test conditions T20, T600 and T800, 3 additional
cubic specimens (150 mm) were produced for water absorption by
immersion tests.

The samples were demoulded 24 h after casting and placed in a
wet curing chamber (temperature of T = 20 �C and relative humid-
ity of RH = 100%) until 28 days. The specimens used for fire behav-
iour characterization (conditions T20, T600 and T800) were then
moved to a dry chamber (T = 20 ± 2 �C and RH = 50 ± 5%) where
they remained for further 49 days.

3.5. Tests on fresh concrete

The fresh concrete was characterized in what concerns its (i)
slump, determined by means of the Abrams cone test (EN
12350-2 [50]), and (ii) fresh density (EN 12350-6 [51]). Results
obtained, presented in Table 2, show that the slump of all mixes
remained within the established range (125 ± 15 mm), thereby
allowing a valid comparison of the results of the various mixes.
As mentioned above, this was accomplished at the expense of
adjusting the w/c ratio, which was increased in mixes C7.5PC,
C7.5PF and C15PF (due to the flakier shape of PCAs and PFAs)
and was decreased in mixes C7.5PP and C15PP (due to the regular
shape, smooth texture and impermeable nature of PPAs). As
expected, the incorporation of PWAs caused a reduction of the
fresh density, due to the lower particle density of PWAs in com-
parison to NAs. Accordingly, the magnitude of this reduction
increased with the replacement ratio. The different reductions
obtained in the various types of PWAs stem mainly from the dif-
ferences in the w/c of each mix.
3.6. Thermal exposure

In order to assess the post-fire residual mechanical properties of
CPWA, each type of concrete was subjected to the following ther-
mal treatments: 20 �C (T20, reference exposure), 600 �C (T600)
and 800 �C (T800), the last two for a period of 1 h (the values men-
tioned refer to the air temperature inside the furnace). Specimens
subjected to exposures T600 and T800 were heated in a vertical
oven (external dimensions of 1.35 m long � 1.20 m wide � 2.10 m
high) fired by six gas burners controlled by a computer, which
reads the oven temperature from three internal thermocouples
and is able to adjust the burners’ intensity in order to follow, as
close as possible, a predefined time–temperature curve. In this
study, heating was performed with the fire exposure defined in
the ISO 834 standard [14], also referred in Eurocode 1 – part 1.2
[52],

TðtÞ ¼ 20þ 345� log10ð8� t þ 1Þ ð1Þ

where T is the oven temperature (�C) and t is the time (min).
The nominal heating time–temperature curves (T600 and T800)

used for each exposure temperature are plotted in Fig. 3. As the
main goal of the present study was not to perform a full and thor-
ough characterization of the post-fire residual mechanical perfor-
mance of CPWA (nor of the fire resistance of members made
with it), but rather to assess the direct influence of incorporating
PWA on such performance, it was decided to combine the rapid
heating of ISO 834 standard curve ([14], which encompasses a
rapid heating) with the temperature plateau (in this case, at
600 �C and 800 �C, respectively) specified by RILEM TC 129-MHT
[53]. This procedure was adopted in several other comparative
studies (e.g., [15,18,29,32]).

Cooling of the specimens took place slowly inside the oven until
temperatures decreased to around 200 �C, after which the oven
door was opened and the specimens were moved to a controlled
chamber (T = 20 ± 2 �C and RH = 50 ± 5%), where they remained
for at least 4 days prior to any further characterisation tests (cf.
Section 3.7).
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Due to the considerable amount of material to be heated and
the limited dimensions of the oven, each thermal exposure had
to be carried out in three batches, which included (i) specimens
from mixes RC and C7.5PC, (ii) specimens from mixes C7.5PP and
C15PP, and (iii) specimens from mixes C7.5PF and C15PF.

During heat exposure, thermocouples type-K were used to mea-
sure the temperature evolution at three different depths of dummy
cubic specimens of each concrete composition: 0 mm (thermocou-
ple T1), 37.5 mm (T2), and 75 mm (T3).

3.7. Tests on hardened concrete

To evaluate and compare the post-fire mechanical properties of
the various concrete mixes, compressive strength tests (according
to EN 12390-3 [54]), splitting tensile strength tests (EN 12390-6
[55]) and elastic modulus tests (LNEC E 397 [56]) were carried
out at 28 days, as well as before and after fire exposure.

As a complement to the above mentioned tests, all concrete
mixes were subjected to the following additional tests before and
after fire exposure: (i) ultrasonic pulse velocity (UPV) tests (EN
1250-4 [57]); (ii) surface hardness tests (EN 12504-2 [58]); and
(iii) water absorption by immersion tests (LNEC specification
E394 [59]). The UPV tests were performed on the cubic specimens
used for compressive strength tests using a PUNDIT UPV equip-
ment. The surface hardness tests were performed on the same
specimens using a Schmidt concrete testing hammer. These three
complementary tests comprise expeditious and non-destructive
characterisation procedures. The main goal in performing these
tests was (i) to complement the characterisation of the fire behav-
iour of CPWA and especially (ii) to evaluate the feasibility of using
these techniques as indirect characterisation tests in the scope of
in situ surveys of fire damaged structures. To this end, the correla-
tion between the results obtained with these techniques and resid-
ual compressive strength was evaluated.
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Fig. 6. 28-day elastic modulus vs. ratio of replacement of NAs by RWAs
(average ± standard deviation).
4. Results and discussion

4.1. Mechanical properties at 28 days

The average compressive strength (fcm,28), splitting tensile
strength (fctm,28) and elastic modulus (Ecm,28) at 28 days of the con-
crete compositions (without any fire exposure) are plotted in
Figs. 4–6, respectively. As expected, the replacement of NA by
PWA resulted in a decrease of all mechanical properties, more pro-
nounced for higher incorporation ratios. The deterioration of



Fig. 7. Time–temperature curves inside the oven and at different depths of the specimens for each thermal exposure: (a) T600 and (b) T800.
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mechanical performance with PWA incorporation stems from (i)
the significantly lower stiffness of PWA compared to NA and (ii)
the weak bond between these recycled aggregates and the cement
paste. Apart from their smooth surface, which results in a weak
macroscopic bond, the low porosity of PWA does not allow the
impregnation and subsequent crystallization of the binder therein.
For similar replacement ratios, the different types of PWA cause
varying reductions in the mechanical performance. This can be
explained by their different shape and size, the corresponding
influence on concrete’s workability and consequent different needs
to adjust the w/c ratio (to keep the slump constant).

4.2. Thermal response

Fig. 7 shows the evolution of temperatures inside the oven and
at different depths of specimens of concrete compositions C7.5PC
and C15PP, for T600 and T800 thermal exposures, respectively.
For the two different types of thermal exposure used in the exper-
imental programme, the qualitative temperature profiles were
roughly similar for all concrete compositions. During the heating
phase temperatures inside the test specimens increased gradually,
at a slower rate when compared with the increase in the oven tem-
perature. During this first stage, temperatures increased from the
surface to the core. After the oven was turned off, the temperature
gradient inside the test specimens was remarkably reduced, i.e.
temperatures became much more uniform across the specimens’
depth.

Fig. 8 shows the maximum average temperatures reached in the
different types of specimens, for the two thermal exposures T600
and T800. The incorporation of PWAs in concrete resulted in an
increase of the temperatures inside the test specimens – the max-
imum average temperatures reached in all concrete compositions
with incorporation of PWAs were higher than those measured in
the reference concrete. Furthermore, for each type of PWA, the
magnitude of this difference increased with the incorporation
ratio. The following two reasons explain this diverse thermal
behaviour: (i) the higher porosity increase due to the replacement
of NAs by PWAs, which facilitated the propagation of heat inside
the concrete specimens, and (ii) the exothermic thermal decompo-
sition of plastic aggregates that generates additional heat.

4.3. Visual observations

During heat exposure, it was not possible to observe the test
specimens, as the furnace walls are opaque. However, after
removal from the furnace, specimens were subjected to a thorough
visual examination and compared with unheated specimens. In
general, following thermal exposure, all specimens presented
cracks on their surface – as expected, the length and width of these
cracks increased with the exposure temperature. A limited number
of specimens (at most, one per composition) subjected to both
T600 and T800 thermal exposures exhibited signs of spalling, most
often localized at the corners of those test specimens (preventing
them from being tested). The surface colour of the specimens also
underwent considerable changes – RC specimens became brighter
(due to water loss), while CPWA specimens generally presented
brown/black stains, especially for the T600 exposure, owing to
the incomplete combustion of some plastic waste particles (for
T800 exposure, such decomposition was much more complete).
The surface of the CPWA specimens also presented extensive voids,
corresponding to the decomposed plastic waste particles. For sim-
ilar compositions, the number of voids was higher for T800 expo-
sure, compared to T600 exposure, because the fraction of
particles that underwent complete decomposition was higher for
the former thermal exposure.

After performing the splitting tensile strength tests, it was pos-
sible to observe the full depth of all types of specimens (all compo-
sitions and thermal exposures) – Fig. 9 illustrates those
observations. As expected, for thermal exposures T600 and T800,
the natural aggregates exhibited pink/red discoloration, as they
were heated up to temperatures ranging between 300 �C (T600)
and 600 �C (T800). Fig. 9 also confirms that the degree of decompo-
sition of the PWAs increased with temperature. In fact, while for



Fig. 9. Internal view of specimens from all compositions and thermal exposures, after the splitting tensile strength test.
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specimens subjected to T600 exposure, there are still several PWA
particles visible, for T800 exposure those particles are no longer
present. These observations are consistent with results of
thermogravimetric experiments (Fig. 2), in which a decomposition
temperature of 425 �C and very low residual mass at 550 �C were
determined.
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4.4. Post-fire physico-mechanical performance

Table 3 shows the mechanical and physical properties of each
type of concrete, for the different thermal exposure conditions. In
addition, for each mix and test condition, the percentage deviation
from RC (DRC) is also listed.

4.4.1. Compressive strength
Fig. 10 plots for all concrete compositions the ratio between the

residual compressive strength after exposure to elevated tempera-
ture (f T

c ) and the corresponding strength for the reference temper-
ature of 20 �C (f 20

c ) – results are presented as a function of both the
exposure temperature (Toven) and the average maximum internal
temperature (Tmax) reached by the specimens at different depths.
Fig. 10 also plots the reduction curve for standard strength con-
crete made of limestone natural aggregate proposed by ASCE [60]
and ACI [61], referring to concrete specimens tested in an
‘‘unstressed residual’’ condition, i.e. heated without being loaded
and tested in compression after being cooled down. One should
note that those reduction factors were obtained for specimens
heated at a much lower rate compared to the present study –
thereby, such reduction factors are plotted only as a comparative
reference, since they refer to concrete specimens uniformly heated
throughout their cross-section up to a given temperature (the tem-
perature values for these curves refer to the concrete temperature).

For all concrete compositions there is an overall reduction of
residual compressive strength after fire exposure, due to the
Table 3
Mechanical and physical properties of each type of concrete (average, �x ± standard deviation
concrete (DRC).

Property Concrete mix T20

�x� s

Compressive strength, fc (MPa) RC 48.7 ± 1.17
C7.5PC 33.7 ± 0.88
C7.5PF 41.7 ± 1.25
C15PF 32.4 ± 0.58
C7.5PP 43.8 ± 2.85
C15PP 42.3 ± 0.89

Splitting tensile strength, fct (MPa) RC 3.62 ± 0.76
C7.5PC 2.29 ± 0.25
C7.5PF 2.59 ± 0.41
C15PF 2.26 ± 0.14
C7.5PP 2.72 ± 0.23
C15PP 2.24 ± 0.25

Elasticity modulus, Ec (GPa) RC 37.0 ± 0.89
C7.5PC 25.5 ± 0.94
C7.5PF 32.2 ± 1.06
C15PF 24.8 ± 1.29
C7.5PP 34.3 ± 0.31
C15PP 29.4 ± 0.18

Ultrasonic pulse velocity, UPV (m/s) RC 4966 ± 10
C7.5PC 4561 ± 59
C7.5PF 4515 ± 72
C15PF 4150 ± 46
C7.5PP 4945 ± 35
C15PP 4771 ± 48

Rebound number, N (–) RC 33.5 ± 2.3
C7.5PC 31.9 ± 0.9
C7.5PF 31.3 ± 0.8
C15PF 31.3 ± 1.0
C7.5PP 33.9 ± 0.5
C15PP 35.6 ± 1.1

Water absorption by immersion, W (%) RC 13.9 ± 0.5
C7.5PC 15.3 ± 1.3
C7.5PF 13.8 ± 1.5
C15PF 12.6 ± 0.1
C7.5PP 15.3 ± 1.6
C15PP 15.6 ± 0.4
physical–chemical reactions underwent by the different constitu-
ents of concrete at elevated temperature, as well as the effects of
the thermal gradients developed during the heating stage. As
expected, the magnitude of such reduction increases with the
exposure temperature. It can also be seen that for similar temper-
atures our experimental results in terms of temperatures reached
by the specimens (Tmax) are lower than the ASCE [60] and ACI
[61] reference curves, as the latter are much less influenced by
thermal gradients.

Results indicate an increase of the compressive strength degra-
dation with the replacement of NAs by PWAs. Such increased deg-
radation of CPWA compared to RC is more pronounced for
exposure T600, for which the average compressive strength of
CPWA is already remarkably reduced (0.51 of residual compressive
strength), whereas that of RC suffers only a moderate reduction
(0.75 of residual compressive strength). For exposure T800, those
figures become closer, respectively 0.29 and 0.24. The higher deg-
radation of CPWA stems from the thermal decomposition of plastic
aggregates, which results in a higher increase of concrete porosity
(with large voids), hence in higher reduction of compressive
strength. Moreover, such higher porosity decreases the resistance
of concrete to the propagation of high temperatures, an effect that
was confirmed by the temperatures measured within the samples
(cf. Section 4.2). In addition, the exothermic combustibility of plas-
tic aggregates also increases the thermal exposure.

Regarding the influence of the type of PWAs, the most relevant
differences within CPWA mixes with similar replacement ratios
, s) for the different thermal exposures and relative percentage difference to reference

T600 T800

DRC (%) �x� s DRC (%) �x� s DRC (%)

– 36.6 ± 3.04 – 15.5 ± 2.93 –
�31 19.6 ± 4.45 �46 7.7 ± 1.45 �51
�14 22.3 ± 2.43 �39 8.6 ± 3.37 �45
�33 15.8 ± 5.10 �57 5.8 ± 1.49 �62
�10 20.6 ± 3.38 �44 12.7 ± 5.40 �18
�13 18.6 ± 2.94 �49 12.9 ± 4.17 �17

– 2.04 ± 0.09 – 0.66 ± 0.12 –
�37 1.35 ± 0.22 �34 0.54 ± 0.22 �18
�28 1.54 ± 0.40 �30 0.39 ± 0.23 �40
�38 1.08 ± 0.31 �30 0.36 ± 0.10 �45
�25 1.61 ± 0.36 �19 0.84 ± 0.25 28
�38 1.19 ± 0.27 �26 0.54 ± 0.11 �19

– 20.2 ± 1.25 – 6.40 ± 1.18 –
�31 12.2 ± 1.65 �39 4.40 ± 0.63 �30
�13 13.7 ± 2.23 �32 3.70 ± 0.45 �43
�33 9.50 ± 2.10 �53 2.80 ± 0.34 �56
�7 17.6 ± 1.14 �13 4.50 ± 0.90 �29
�21 12.6± �38 3.80 ± 0.60 �40

– 3537 ± 615 – 1562 ± 456 –
�8 2736 ± 361 �23 1172 ± 356 �25
�9 3179 ± 245 �10 956 ± 272 �39
�16 2328 ± 549 �34 780 ± 131 �50

0 2659 ± 691 �25 923 ± 557 �41
�4 2747 ± 239 �22 916 ± 351 �41

– 31.6 ± 3.0 – 21.3 ± 3.5 –
�5 27 ± 3.1 �15 18.3 ± 1.9 �14
�7 26.3 ± 0.6 �17 19.1 ± 3.4 �10
�7 22.0 ± 4.0 �30 16.1 ± 1.4 �25

1 30.9 ± 2.1 �2 22.9 ± 4.4 �7
6 31 ± 3.1 �2 23.4 ± 3.0 10

– 15.5 ± 4.7 – 19.3 ± 1.8 –
10 17.6 ± 1.4 14 22.4 ± 2.3 16

0 14.7 ± 0.2 �5 21.6 ± 0.7 12
�10 13.6 ± 0.1 �12 22.3 ± 0.2 16

10 15.3 ± 0.4 �1 22.9 ± 1.1 19
13 16.4 ± 0.6 6 27.0±0.9 40
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Fig. 10. Residual compressive strength: comparison between the results obtained
in this study (as a function of the oven temperature and average maximum
temperature in the specimens), and the reference values of ASCE [60] and ACI [61].
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Fig. 11. Residual tensile strength: comparison between the results obtained in this
study (as a function of the oven temperature and average maximum temperature in
the specimens), and the reference values of Bamonte and Felicetti [62].
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were found following the exposure to 800 �C, for which the lowest
degradation was obtained with PPAs. This trend is explained by (i)
the different shape and size of the PWAs, which leads to distinct
porosity distributions after exposure to elevated temperature
(more uniform and with smaller voids in mixes incorporating
PPAs), and (ii) the different w/c ratios of these mixes. In general,
the replacement ratio increase of 7.5% to 15% had limited influence
on the reduction of residual compressive strength; such influence
was more visible for PFAs incorporation. It is likely that the deteri-
oration of compressive strength due to increased porosity (owing
to the thermal decomposition of PWAs) is compensated to some
extent by the better accommodation of thermal expansions pro-
vided by the voids created. Furthermore, this higher porosity also
allows confined gases to escape, thereby reducing the build-up of
internal stresses and, hence, concrete cracking (this effect being
more important in tensile strength, cf. Section 4.4.2.). As men-
tioned, the attenuation of the effects of replacing NAs by PWAs
in the degradation of compressive strength are more evident for
exposure T800, for which the thermal decomposition of the PWAs
and the thermal expansion of the constituents of the concrete are
considerably more pronounced than for exposure T600.
4.4.2. Splitting tensile strength
The ratio between the residual splitting tensile strength after

exposure to elevated temperature (f T
ct) and the corresponding

strength for the reference temperature of 20 �C (f 20
ct ) is illustrated

in Fig. 11 – as for compressive strength, splitting tensile strength
results are presented as a function of both the exposure tempera-
ture (Toven) and the average maximum internal temperature (Tmax)
reached by the specimens at different depths. The reduction curve
for standard strength concrete proposed by Bamonte and Felicetti
[62] are also plotted in Fig. 11 as a reference, since it was obtained
for different test in different conditions (specimens heated at slow
rate).

For all concrete compositions, there is an overall reduction of
the splitting tensile strength after exposure to elevated tempera-
tures and, as expected, the magnitude of such reduction increases
with the exposure temperature. Unlike compressive strength, the
incorporation of PWAs did not result in an increase of the degrada-
tion of residual splitting tensile strength. In fact, while for exposure
T600 the average degradation of CPWA compositions was roughly
similar to that of RC (0.56 of residual splitting tensile strength), for
the most severe thermal exposure T800 the average residual split-
ting tensile strength of CPWA mixes was even slightly higher than
that of RC (0.22 vs. 0.18). This improved behaviour in tension may
be explained by the already mentioned favourable effects stem-
ming from the higher porosity of CPWA: besides mitigating the
accumulation of internal stresses due to the thermal incompatibil-
ity of concrete constituents, it also allows the dispersion of gases
confined in pores, thereby reducing crack development. Unlike
compressive strength, it is very likely that any detrimental effects
caused by the voids had less influence than the reduction in crack
development within the concrete matrix promoted by the porosity
increase.

Similarly to compressive strength, the lowest tensile strength
reductions were obtained with the incorporation of PPAs, particu-
larly for the highest exposure temperature. In addition, higher
replacement ratios generally caused increasing degradation of ten-
sile strength.

The splitting tensile strength results obtained in our study in
terms of the maximum temperatures reached by the specimens
seem to follow the overall variation trend reported by Bamonte
and Felicetti [62]. Due to the aforementioned reasons, our experi-
mental data is generally lower than that reported by those authors.
4.4.3. Elastic modulus
Fig. 12 presents the ratio between the residual elastic modulus

after exposure to elevated temperature (ET
c ) and the corresponding

elastic modulus for the reference temperature of 20 �C (E20
c ) for all

concrete compositions. As for the previous mechanical properties,
results are presented as a function of both the exposure tempera-
ture (Toven) and the average maximum internal temperature (Tmax)
reached by the specimens at different depths. Fig. 12 plots also an
intermediate reduction curve obtained by Phan and Carino [63] for
standard strength concrete made of limestone natural aggregate
subjected to slow heating.

The elastic modulus of all compositions tested was remarkably
reduced after exposure to elevated temperatures. The degradation
increased with the exposure temperature according to the general
variation trend reported by Phan and Carino [63]. Similarly to the
other properties, and due to the same reasons, our experimental
data are generally lower than that reference curve. Furthermore,
for similar exposure temperatures, the elastic modulus suffered
higher reduction than the compressive and splitting tensile
strengths, which is consistent with previous studies reported in
the literature on conventional concrete (e.g., [64]). The greater
reduction in this mechanical property is due to its higher
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susceptibility to concrete cracking, which is intensified with
increasing thermal exposure.

Results obtained show that the degradation of the elastic mod-
ulus experienced by concrete with PWA is more pronounced than
that of reference concrete: the average residual elastic moduli
among the different CPWA mixes after exposure to 600 �C and
800 �C were respectively 0.45 and 0.13, which compare with 0.54
and 0.17 for the RC. Furthermore, the elastic modulus reduction
consistently increased with the replacement ratio of NA by CPWA.
Following thermal exposure, the (large) voids created by the ther-
mal decomposition of plastic waste aggregate explain the
increased loss of stiffness of CPWA mixes.

Regarding the influence of the type of PWAs and the replace-
ment ratio, the results of elastic modulus are consistent with those
of compressive strength, i.e. PPAs lead to the lowest performance
reduction, whereas a higher replacement ratio causes increasing
degradation, particularly for T600 exposure.

4.4.4. Ultrasonic pulse-velocity
Fig. 13 shows for all concrete compositions the ratio between

the residual ultrasonic pulse velocity after exposure to elevated
temperature (UPVT ) and that for the reference temperature of
20 �C (UPV20). The residual UPV followed the same overall varia-
tion with temperature as compressive strength (cf. Fig. 10). In addi-
tion, the incorporation of PWAs resulted in increased reduction of
0 200 400 600 800 1000

0.0

0.2

0.4

0.6

0.8

1.0

 RC        
 C7.5PC
 C7.5PF
 C15PF
 C7.5PP
 C15PP

R
es

id
ua

l U
PV

, U
PV

T
/U

PV
20

 [-
]

Fig. 13. Residual ultrasonic pulse velocity as a function of the oven temperature.
UPV compared to the RC, particularly for the highest exposure tem-
perature, and this reduction increased with the replacement ratio.
These results are explained by the increased porosity of concrete
stemming from the decomposition of PWAs.

Fig. 14 plots the correlation between the UPV and the compres-
sive strength for all concrete compositions and exposure condi-
tions. The (linear) relationship between those properties is
statistically significant (R2 = 0.862), thereby indicating the suitabil-
ity of determining the UPV as an expeditious and non-destructive
test to estimate the residual compressive strength of CPWA
exposed to fire.

4.4.5. Surface hardness (rebound index)
Fig. 15 shows the ratio between the rebound index after expo-

sure to elevated temperature (NT ) and that for the reference tem-
perature of 20 �C (N20). Although the scatter of surface hardness
data was relatively high, all concrete compositions present an
overall reduction trend with the exposure temperature. The results
show a more severe deterioration with increasing PWA content.
The reduction of the surface hardness is due to the chemical
decomposition and cracking of the surface layer of concrete caused
by the thermal exposure [65]. For CPWA, the combustion of plastic
aggregate increases porosity, further weakening the surface layer
of concrete.

Fig. 16 plots the correlation between the rebound number
and compressive strength. In this case, the (linear) correlation
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Fig. 15. Residual rebound number as a function of the oven temperature.
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coefficient is not as high as that obtained for UPV (R2 = 0.68, much
lower than that corresponding to tests performed at 28 days,
R2 = 0.97), pointing out the limitations in using this test as a reli-
able technique to assess the post-fire compressive strength of
CPWA. It is also worth mentioning that unlike the other non-
destructive characterisation procedures (cf. Sections 4.4.4. and
4.4.6.), the scatter varied among the different CPWA compositions,
being minimum for the PFA and maximum for the PPA, this being
explained by the higher influence in the surface hardness of the
size and distribution of voids, namely those near the concrete sur-
face. In fact, for PPA compositions, voids are larger and in less num-
ber than PFA counterparts.
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Fig. 18. Correlation between water absorption by immersion and compressive
strength.
4.4.6. Water absorption by immersion
Fig. 17 depicts the ratio between the residual water absorption

by immersion after exposure to elevated temperature (WT ) and
that for the reference temperature of 20 �C (W20). As expected,
the residual water absorption increased with the exposure temper-
ature for all concrete mixes. The replacement of NAs by PWAs only
resulted in a clear increase of the water absorption by immersion
for exposure T800. This can be explained by the almost complete
combustion of the plastic aggregates following the exposure to
800 �C, which resulted in a significant increase of concrete poros-
ity. Moreover, for exposure T600, the decomposition of plastic
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Fig. 16. Correlation between rebound number and compressive strength.
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Fig. 17. Residual water absorption by immersion as a function of the oven
temperature.
aggregates was partial and more concentrated on the surface layer
of concrete specimens. Furthermore, to some extent, the water
absorption of CPWA after exposure to 600 �C may have been lim-
ited by the cover of melted plastic, which partially water-tightened
the surface layer of these samples.

Fig. 18 shows the relationship between the average values of
compressive strength and water absorption by immersion. There
is a general good (power law) agreement between those proper-
ties. Concrete mixes which have suffered a higher thermal degra-
dation and, thereby, have lower post-fire compressive strength,
also exhibit higher water absorption by immersion. The relatively
high correlation coefficient obtained suggests that water absorp-
tion by immersion is a reliable test to assess the residual compres-
sive strength of fire-damaged CPWA.

5. Conclusions

This paper presented an experimental study on the perfor-
mance of concrete made with PWAs as a replacement of NAs after
exposure to elevated temperatures. The results obtained allow
drawing the following main conclusions:

(1) The incorporation of PWAs as a replacement of NAs in ratios
of 7.5% and 15% influences the thermal response of concrete
exposed to elevated temperature. The maximum tempera-
tures reached in CPWA are higher than those in RC, and this
difference increases for higher replacement ratios. The dif-
ferent thermal behaviour of CPWA stems from (i) the higher
increase of concrete porosity due to the replacement of NAs
by PWAs, which facilitates heat propagation, and (ii) the
exothermic thermal decomposition of PWAs that generates
additional heat.

(2) The degradation suffered by CPWA after exposure to ele-
vated temperature is, to some extent, similar to that of con-
ventional concrete. Following heat exposure, specimens of
all concrete compositions exhibited cracking, localized spall-
ing and the typical colour changes due to the various phys-
ical–chemical changes suffered by the various concrete
constituents. In addition, in CPWA mixes the thermal
decomposition of PWAs created voids in the concrete matrix,
causing considerable porosity increase.

(3) The degradation of compressive strength and elastic modu-
lus of CPWA after exposure to elevated temperatures was
higher than that of RC. This higher degradation of CPWA,
which tended to increase with the replacement ratio, is
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due to (i) the thermal decomposition of PWAs, which results
in higher porosity of concrete and voids, as well as (ii) the
development of higher temperatures in CPWA.

(4) In what concerns the splitting tensile strength, the incorpo-
ration of PWA did not affect the degradation of residual
properties. It is possible that the higher porosity caused by
the incorporation of PWAs attenuates the accumulation of
internal stresses due to the thermal incompatibility of con-
crete constituents and allows the dispersion of gases con-
fined in pores, thereby reducing crack development within
the matrix. This effect seems to have been more relevant
than any detrimental consequences due to the voids
themselves.

(5) The magnitude of residual mechanical properties reduction
was seen to depend on the type of PWAs incorporated in
the concrete mix: the lower reductions were obtained with
fine and regular shape aggregates (PPAs). In addition, for
higher replacement ratios degradation generally increased.

(6) The residual compressive strength of CPWA was proved to
be strongly correlated with both the ultrasonic pulse veloc-
ity and the water absorption by immersion. Therefore, these
tests are deemed as adequate to be used as expeditious and
non-destructive techniques to assess the residual compres-
sive strength of CPWA in fire damaged structures. The corre-
lation between compressive strength and surface hardness
was less significant, highlighting the lower reliability of the
rebound test to estimate the residual compressive strength
of fire damaged structures made of CPWA.
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