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Abstract

The objective of this study is to explore the physical and mechanical behaviour of concretes comprising four differ-
ent ratios of recycled fine (RF), namely (5%, 10%, 15% and 20%) along with that of a reference concrete (Cref-0%),
under three different heating—cooling cycles (200 °C, 400 °C and 600 °C). The thermal properties of concrete dur-

ing heating and cooling (20 °C — 600 °C — 20 °C) were also investigated. It was determined that the physical proper-
ties (mass loss and ethanol porosity) of recycled concrete (RC) with 5% of recycled fine (RC-5%) were similar to those
of Cref-0%. At ambient temperatures, the higher the ratio of recycled fines, the lower the residual compressive
strength and residual elastic modulus of the recycled concrete. After thermal loading at 600 °C, the residual mechani-
cal properties of all types of concrete were equivalent, regardless of the content recycled fine.

Keywords High temperatures, Recycled concrete, Thermal properties, Residual mechanical properties
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1 Introduction

In France, the construction sector is the largest consumer
of natural resources and the largest producer of waste,
generating more than 500 million tonnes of extracted
aggregates and 300 million tonnes of waste annually
[1]. The current issue is organising circular economies
to reduce the impact of the construction sector on the
environment. To achieve success, all participants in the
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construction field must agree that there should be no
normative, technical, legislative, or economic obstacles to
favour the development of new construction sectors.
Portland cement contributes to over 80% of the car-
bon dioxide emissions in concrete production. A large
portion of these emissions is caused by the decarbona-
tion of limestone from the raw material. Reduced-carbon
cements, such as alkali-activated cements [14] and cal-
cium aluminate, have been used to reduce the clinker
content [22]. The problems with these new cements are
their high price and long-term implementability [19].
Recent research has indicated the possibility of reusing
recycled fines (RF) to replace cement in concrete [6-8,
12]. The results of these studies are promising. Algourdin
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et al. [11] noted that RF contains many hydrates such as
calcium silicate hydrate (C-S-H), ettringite, and portlan-
dite, which could potentially be rehydrated. Moreover,
Shui et al. [33] concluded that RF exhibits a nonzero
cumulative heat release and ionic activity during the
rehydration process. Florea et al. [16] concluded that 20%
of cement could be replaced by recycled fines without
significant loss of strength.

Research on the influence of high temperatures on
concrete, including RF, is rare, and only limited data
are available. Concerning the thermal properties, some
authors [9, 32] have indicated that the thermal conduc-
tivity of concrete with RF decreases significantly under
elevated temperatures owing to the higher porosity of
RE. It is evident that RF influences the free water content
and porosity of recycled concrete (RC). These properties
influence the thermal and mechanical behaviours of RC
at ambient and high temperatures. Several studies were
carried out on the residual mechanical properties of
recycled aggregate concrete at elevated temperatures [21,
25, 37]. However, to the best of our knowledge, there are
no studies on the mechanical “hot” or residual properties
of recycled fine concretes (RFC). This lack of information
necessitates an improvement in the fundamental under-
standing of the impact of elevated temperatures on the
RF concrete.

Several studies have observed the following stages
in the degradation of cement matrix during the rise of
the temperature [5, 10, 11, 30]: From ambient tempera-
ture to 130 °C the loss of capillary free adsorbed water
is observed, from 130 °C to 170 °C the double endother-
mic reaction of gypsum decomposition; from 150 °C to
300 °C partial loss of bound water from the hydrates and
C-S-H gel; from 450 °C to 550 °C portlandite decompo-
sition, and from 600 °C to 750 °C C-S-H decomposition,
-C,S formation, and calcium carbonate decomposition.
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To fill in the gaps in literature, in this study the residual
physical and mechanical properties of RFC with substitu-
tion rates of 5%, 10%, 15% and 20% of RF were examined.
The evolution of heat transfer properties in “hot” condi-
tions allows a better understanding of the behaviour of
RFC during the heating and cooling processes. Further-
more, the characterisation of the residual resistance is
very important for enhancing the fire performance of
buildings, including that of RFE.

2 Experimental methodology

2.1 Materials

Portland cement, CEM I 52.5 R, with a density of 3.1
kg.L7}, w(SO;3) <4.5%, w(Cl™) <£0.10% and a start of hard-
ening at 20 °C measured on pure paste >40 min was used
in this study. Recycled sand (RS) (0/5 mm) from a recy-
cling platform was sieved to obtain 0/80 um fraction. This
fraction was used to substitute the 5%, 10%, 15%, and 20%
of mass of Portland cement in recycled concrete. The dis-
persion of the recycled fine was made with OCCHIO500
nano XY image analyser and showed in Fig. 1.

Siliceous gravel and siliceous-calcareous sand com-
posed of flints (70% — 75%), calcium carbonate (20% —
25%), and feldspar (5%) with fractions of 25/125 mm
and 0/5 mm, respectively. The grain size distribution is
showed in Fig. 2.

2.2 Mixture proportions designs

Five concrete mixtures were studied: Cref-0% (concrete
without recycled fines), RC-5%, RC-10%, RC-15%, and
RC-20%, that is, concrete with 5%, 10%, 15%, and 20%
of RE, respectively. The water/binder (W/B) ratio for all
the concrete mixtures was constant at 0.5. The slump of
the concrete ranged from 10 mm —130 mm. The concrete
mix proportions are presented in Table 1.
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Fig. 1 Grain size distribution of the used recycled fine
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Fig. 2 Grain size distribution of the used siliceous gravel and siliceous-calcareous sand

Table 1 Mix proportions of concretes (kg/m>)

Concrete Physical quantities
Cement Recycled fine Gravel 2.5/12.5 Sand 0/5 Effective water
Cref-0% 400 0 1047 705 200
RC-5% 380 20 1057 711 200
RC-10% 360 40 1067 718 200
RC-15% 340 60 1077 725 200
RC-20% 320 80 1087 732 200

2.3 Curing conditions

Cylindrical concrete specimens with dimensions of 150
mmx300 mm and 110 mmXx220 mm were cast. The
RILEM (200-HTC) procedure [29] was applied to all the
mixtures. The specimens were retained in their moulds
for seven days to prevent any evaporation of moisture
and, then placed in sealed plastic bags at 20+2 °C with a
damp cloth to maintain a humid atmosphere for at least
during 90 d, until the heating.

2.4 Heating tests

The heating tests were performed in an electric furnace
(Fig. 3) having dimensions 1 950 mm X2 000 mm X 1 550
mm (Lxhxd).

Ten type-K thermocouples were integrated using a
Programmable Logic Controller (PLC) to program the
temperature, for temperature monitoring, control, and
regulation in real time and for security management.
The thermocouples were positioned to monitor the tem-
perature in the furnace, on the surface of the specimen,
and at the centre of the concrete cylinder. Three speci-
mens per mix were prepared with type K thermocouples
at the centre of the concrete (embedded thermocouple at
mid-height and mid-diameter of the concrete cylinder).

Fig. 3 Exterior of electric furnace

As the incorporation of a thermocouple could affect the
temperature distribution and strength of the specimens,
the specimens with the thermocouples at the centre were
not used for subsequent tests. Data was acquired every
30 s. The surface temperature of the specimen controlled
the increase in temperature in the furnace.

The thermal properties were measured under “hot”
conditions, from ambient temperature up to 600 °C and
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from 600 °C down to ambient temperature (20 °C — 600
°C - 20 °C). The measurements were taken every 50 °C
with the heating rate at 0.5 °C/min. No cooling phase was
applied. Each point on the graph represents the average
of five values obtained for three concrete samples. There
was a delay of 1 h between measurements to avoid any
possible disturbances from the previous measurement.

To determine the residual properties, three heating—
cooling cycles were applied, one each for the phase of
rise in temperature at the rate of 0.5 °C/min, a phase of
temperature dwell (2 h), and a cooling phase. The 150
mm X 300 mm and 110 mm X 220 mm concrete cylinders
were subjected to temperatures from the room tempera-
ture to 200 °C, 400 °C and 600 °C (Fig. 4).

2.5 Characterisation tests

Different tests were performed to characterise the recy-
cled concrete, as described below. The evolution of the
concrete microstructure was studied using the total
porosity and X-ray tomography. Water and heat transfers
were investigated based on mass loss and thermal prop-
erties. The compressive strength (f,) and the elastic static
(Ee) and dynamic (Ey,) moduli were determined to
estimate the influence of the recycled fines on the resid-
ual mechanical properties.

All conditions for all the tests, including the specimen
geometry and heating cycles, are listed in Table 2. The
number of specimens for each test corresponds to the
required number by European standards.

2.5.1 Mass loss

The mass loss of the specimen was obtained for three
cylindrical specimens with dimensions of 150 mm X 350
mm for each cycle. The specimens were weighed before

200°C cycle
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and after each heating—cooling cycle to calculate the
quantity of concrete mass loss during heating.

2.5.2 Ethanol accessible porosity (Ptot)

Four samples with an average mass of 400 g for each
concrete and each heating—cooling cycle were used.
Measurements were performed using ethanol to prevent
rehydration of portlandite and C-S-H gel. The speci-
mens were oven-dried at 80 °C or heated to 200 °C, 400
°C or 600 °C until a constant mass was obtained. The
specimens were placed in a vacuum cell for air extrac-
tion and ethanol filling [2]. After 24 h of immersion, the
samples were weighed immediately after the pump was
disconnected.

2.5.3 X-ray tomography observation

The recycled concrete samples were cut into cubes (30
mmX30 mmx30 mm) and analysed using SkyScan
tomography. Scanning was performed using a slice-by-
slice technique with an exposure time of 400 ms, rotation
angle of 0.5°, and accelerating voltage of 85 kV.

2.5.4 Thermal properties (A, a)

A Hot Disk TPS 1500 device, based on the principle of
the transient plane source (TPS) method, was used.
This method involves applying a thermal disturbance to
a sample at isothermal equilibrium and measuring the
temperature over a period of time. The samples were
placed in an oven at 80 °C until the constant mass (about
3 weeks). Before testing, the specimens are removed from
the oven for cooling and placed in sealed bags to preserve
their water content. To ensure that the samples do not
present a thermal gradient, after reaching the required
temperature, the specimens remain on same temperature
plateau during 30 min before the measurement.

600°C cycle

0 500 1000

1500 2000 2500 3000

Time (min)

Fig. 4 Thermal profiles of the heating-cooling cycles
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Table 2. Summary of tests during or after heating including specimen geometry and heating steps

Tests

Type and number of specimens,

mm

Heating conditions

Mass loss (three specimens

per mix)

|

150 x 35

80 °C, 200 °C, 400 °C, 600 °C

Porosity (four specimens

per mix)

Hyik
WA

Y4 of sample; 150 (@) x 50

80 °C, 200 °C, 400 °C, 600 °C

X-ray tomography (four

specimens per mix)

)

(30 x 30 x 30)

80 °C, 600 °C

Thermal properties:
conductivity and diffusivity
(three specimens per mix X

two slices)

il

110 (@) x 40

From 20 °C to 500 °C and from
500 °C to 20 °C

Thermal response (2-3

specimens per mix)

UL

110 (@) x 220

600 °C

Heating rate: 0.5 °C/min

Compressive strength (fc)

(four specimens per mix)

U0

110 (@) x 220

20 °C, 200 °C, 400 °C, 600 °C

Dynamic (Edqyn) and static
(Estat) elastic moduli (four

specimens per mix)

0

110 (@) x 220

20 °C, 200 °C, 400 °C, 600 °C
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The device is composed of a furnace of capacity 5 L that
can attain a temperature of 1 200 °C, a computer, and an
automatic data acquisition unit with a Hot Disk probe
connection (Fig. 5).

A Kapton probe having a radius of 9.868 mm was used
for the tests at ambient temperature, and a mica probe
having a radius of 14.610 mm was used for the tests at
higher temperatures.

2.5.5 Compressive strength

For each mix and for each heating—cooling cycle, four
110 mm (@) X 220 mm specimens were tested with
uniaxial compressive loading with an imposed stress
rate of 0.5 MPa.s™! according to European standard EN
12390-3[4].

2.5.6 Determination of elastic static modulus

For each mix and for each heating—cooling cycle, tests
were carried out on the four 110 mm (&)X 220 mm cylin-
drical specimens. During the compression test, each
specimen was connected to an extensometer frame and
subjected to three loading—unloading cycles with a 20
s dwell. The loading rate was 0.5 MPa.s™! according to
European standard EN 12390-13[3].

2.5.7 Determination of elastic dynamic modulus

To determine the dynamic Young’s modulus, a Pundit
Lab device was used to measure ultrasonic wave propa-
gation [26]. The device emitted an electric signal through
the specimen, which was then converted into waves using
a piezoelectric transducer. Petroleum jelly was used to
ensure perfect contact between the face of each trans-
ducer and concrete sample. The wave propagated in the
specimen from one transducer to the other, and was
then reflected back to the first transducer. The appara-
tus measured the time ¢ between two successive echoes,
based on which the longitudinal ultrasonic wave speed
could be calculated as V=L/¢, where V is the ultrasonic

Fig. 5 Setup for measurement of thermal properties/parameters
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wave speed [in m/s], L is the length of the cross-piece
material [in m], and ¢ is the time required for wave prop-
agation along length L [in ps].

The dynamic Young’s modulus was calculated using
the following relationship: E [in GPa]=px (V? (1+U) (1
—2U))/(1 — U), where V is the ultrasonic wave speed [in
m/s], p is the concrete density [in kg/m®] measured after
each heating cycle, and U is Poisson’s ratio (considered as
0.2 for concrete).

3 Results and discussion
No spalling phenomenon was observed during the heat-
ing—cooling phases.

Table 3 presents all the results of the experiment
for Cref-0%, RC-5%, RC-10%, RC-15%, and RC-20%
concretes.

3.1 Physical properties
Table 3 summarises the physical properties (mass loss
and ethanol porosity) of Cref-0%, RC-5%, RC-10%,
RC-15%, and RC-20% concrete. For the residual porosity,
the standard deviation (SD) was low and almost unno-
ticeable on the graph.

3.1.1 Mass loss

Figure 6 shows the evolution of Cref-0%, RC-5%,
RC-10%, RC-15%, and RC-20% concrete mass losses as a
function of temperature. For all specimens, the mass loss
increased with temperature. Between 20 °C and 200 °C,
the mass loss is essentially due to the loss of free water,
the water contained in the pores, adsorbed water on the
surface of the solid elements, and bound water. The max-
imum difference in mass loss in this temperature region
(200 °C) was 0.2%. Between 200 °C and 400 °C the C-S-H
dehydration leads to relatively low mass loss with an
average value of 2%. Between 400 °C and 600 °C the Port-
landite dehydroxylation increases the mass loss by 1.8%
on average.

Electrical cabinet
Electric furnace
Data acquisition
Hot Disk device

Sample and

holder

sample
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Table 3 Physical, thermal and mechanical properties of concretes
Concretes  Drying/ Mass loss Ethanol Thermal Thermal Compressive Elastic static  Elastic
Heating porosity conductivity diffusivity strength modulus dynamic
rate (Peot) modulus
°C % SD % SD W/(m-K) SD mm?/s  SD MPa SD GPa SD GPa SD
Cref-0% 20 64.3 1.00 36.6 037 452 0.19
80 9.7 008 21 0.02 1.6 0.01
200 36 018 104 017 19 007 09 003 620 1.90 297 054 379 027
400 55 0.03 124 021 451 1.77 235 385 232 192
500 1.7 008 06 0.04
600 6.9 0.09 180 021 18.0 1.62 5.1 233 43 117
RC-5% 20 60.7 211 360 003 446 001
80 115 011 20 0.02 1.1 0.06
200 3.7 0.29 116 020 19 010 0.7 004 570 3.00 33.0 379 384 1.89
400 6.2 021 134 030 352 1.89 118 09 194 048
500 15 003 04 0.04
600 7.6 004 190 019 130 1.68 55 197 31 0.99
RC-10% 20 575 2.10 329 0.02 406 0.00
80 13.1 009 20 0.10 13 0.05
200 36 035 144 025 17 008 07 004 540 2.08 288 105 345 053
400 57 0.69 156 017 29.0 1.94 12.3 0.36 19.8 0.18
500 15 010 04 0.05
600 7.7 010 208 012 14.0 1.69 4.2 038 41 0.18
RC-15% 20 513 2.13 29.3 012 411 0.06
80 125 018 20 012 13 0.05
200 38 042 140 023 1.9 009 07 003 490 1.93 29.0 158 364 0.79
400 59 010 147 038 320 1.79 122155 185 0.78
500 15 009 02 0.06
600 79 077 190 004 16.0 3.00 44 160 36 0.80
RC-20% 20 493 2.10 289 057 403 0.28
80 125 018 20 0.02 12 0.06
200 38 002 130 006 19 010 07 004 460 2.00 275 069 337 034
400 55 0.09 149 019 30.0 1.88 122 0.04 19.6 0.02
500 1.5 003 04 0.04
600 76 017 203 032 10.0 1.65 4.2 139 47 0.69

Cref-0% concrete showed lower mass loss than recy-
cled concrete. This was due to the higher rate of water
loss from the recycled concrete. Fig. 8 corroborates these
results; the porosity of Cref-0% concrete showed lower
evolution compared to the other recycled concrete mix-
tures. Furthermore, the higher water absorption of the
recycled fines results in a higher water release at elevated
temperatures [31].

Figure 7 shows the mass loss for different RF content
(0 — 20%) for three temperatures (200 °C, 400 °C, and 600
°C). For 200 °C, the variation in mass loss for all formula-
tions is not significant with the maximum being 0.2%. It
becomes significant for 400 °C and 600 °C, where the var-
iation is 0.7% and 1.1%, respectively [20, 36]. In this range

of temperatures, with RF varying from 0 to 5%, the mass
loss increased slightly and did not vary much thereafter.

3.1.2 Ethanol accessible porosity

Figure 8 shows the evolution of the absolute poros-
ity of the reference and recycled concretes as a function
of temperature. Porosity increases slightly between 80
°C and 400 °C; however, beyond 400 °C the slope of the
porosity curve is significant. In the case of heat treatment
of the concrete, porosity evolution is essentially linked to
microstructural degradation or the appearance of cracks.
Other phenomena such as pore coalescence do not play
a predominant role in pore transformation. As seen on
X-ray tomography, cracking becomes visible at 600 °C. In
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addition, the increase in porosity between 80 °C and 200
°C is associated with the most intense mass loss (Fig. 6),
and is the result of C-S-H dehydration. This in most cases
lasts up to 300 °C.

Although the porosity values for the different concrete
formulations are comparable, recycled concrete exhibits
a higher porosity during the entire heating phase. Moreo-
ver, the absolute porosities of RC-10% and RC-15% are
very close. The addition of recycled fines increases the
porosity of recycled concrete. This is consistent with the
results of previous studies [8, 11]: poor workability leads
to more pores in the recycled concrete. This is due to
the larger surface area of the recycled particles and the
porous morphology of the dehydrated compounds. In
addition, higher the RF rate, higher the porosity of recy-
cled concrete.

3.1.3 X-ray tomography

Three-dimensional (3D) X-ray microtomography slices
of the Cref-0% and RC-20% concrete are shown in Fig. 9
and Fig. 10. The RC-20% concrete was the most damaged

_
5 mm
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by the heating, therefore was chosen for X-ray tomogra-
phy observation. A visual inspection of the images indi-
cates an increase in the pore network at 600 °C for the
two concretes (Cref-0% and RC-20%). This was consist-
ent with the ethanol porosity and residual mechanical
property results (see below). Additionally, as suggested
by Kim et al. [23] the variation in the volume of the pores
during heating can be a quantitative indicator for analys-
ing the damage caused to concrete by high temperatures.

From the 3D slices, it can also be observed that some
cracks appeared on RC-20% concrete after heating to
600 °C. In contrast, less cracks were observed on the four
specimens of Cref-0% concrete after treatment at 600 °C.
Cracks were mostly formed in the paste, and no cracks
were observed at the paste/aggregate interface.

3.1.4 Thermal properties

Table 3 presents the thermal properties (thermal con-
ductivity and thermal diffusivity) of Cref-0%, RC-5%,
RC-10%, RC-15%, and RC-20% concretes. Thermal mod-
elling of concrete should not consider only single values

5 mm

Fig. 9 3D X-ray slices of Cref-0% concrete at ambient temperature (a) and after heating to 600 °C (b)

5 mm

5 mm

Fig. 10 3D X-ray slices of RC-20% concrete (a) at ambient temperature and (b) after heating to 600 °C
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of conductivity and diffusivity at each temperature level,
but should take into account the history of the thermal
loading.

3.1.5 Thermal conductivity

Fig. 11 presents the thermal conductivity evolution of
Cref-0%, RC-5%, RC-10%, RC-15% and RC-20% concretes
during heating up to 500 °C and cooling up to 20 °C. The
conductivities of all concretes decreased with increasing
temperature. When the air conductivity is less (0.024 W/
(m-K)) than that of concrete, it is evident that the con-
ductivity decreases as the porosity increases. Another
explanation for the decrease in conductivity concerns
the increase in the vibrational energy of the phonons, as
described by Algourdin et al. [9]. In fact, by heating the
material, the number of phonons increases, increasing
the number of collisions between them, thereby increas-
ing the resistance vis-a-vis the heat flow.

The recycled concrete exhibited lower thermal conduc-
tivity than the Cref-0%. This was consistent with their
higher total porosity values (see Sect. 3.1.2) [17]. Hyster-
esis was observed between heating and cooling phases,
which can be explained by the majority of reactions that
are irreversible, as departure of physically and chemically
bound water or microcracks appearance, beyond 300 °C
(see Sect. 3.1.3). Nevertheless, the aggregate expansion
during heating is reversible and can partly explain the
conductivity gain of RC-5% between 300 °C and 20 °C
and of Cref-0%, RC-10% and RC-20% between 300 °C and
200 °C, during cooling.

The average loss of thermal conductivity from 20 °C
to 500 °C for Cref-0% concrete is 0.4 W/(m-K) (~20%),
and of recycled concretes is 0.5 W/(m-K) (~25%). These
values are higher than those reported in the literature
for concrete with recycled gravel and/or sand [9, 24].

—0— Cref-0% 1
— B —RC-5% |
—&—RC-15% 1

(2024) 2:19
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Recycled fines (up to 20% in volume) do not have the
same kind of determining influence on concrete as recy-
cled gravel and sand.

3.1.6 Thermal diffusivity

The trends in the evolution of the thermal diffusivity are
presented in Fig. 12. At ambient temperature, the Cref-
0% concrete shows a higher value of thermal diffusivity
(1.61 mm?/s) and the diffusivity of recycled concretes
varies from 1.36 mm?/s to 0.84 mm?/s. These values are
similar to those reported in the literature [13].

The thermal diffusivity decreased with temperature.
This is consistent with the results of the total poros-
ity, that is, higher porosity and lower diffusivity. For the
recycled concrete, the difference in thermal diffusivity
decreases with heating. The “hot” values of the thermal
diffusivity (500 °C), represent approximately 32% of the
diffusivity at room temperature: acetoy, 500 °c=37-3%;
agcs, 500 *c=31.9%, apc 10w, 500 «c=33-2%, apc 15y, 500
oc=18.4%, apc_s0%, 500 .c = 36.9%. Comparing these values
with those of the thermal conductivity, it appears that the
relative loss of the thermal diffusivity is greater than that
of the thermal conductivity. During cooling, the diffusiv-
ity increases to regain 80%—90% of the initial value [27].
In the case of RC-5% and RC-15%, the diffusivities during
cooling were slightly higher than those during heating.
The increase in values fall within the standard deviation.

3.1.7 Thermal response

The temperature difference between the surface (Tsurf)
and the centre (Tcenter) of the specimens for the Cref-
0%, RC-5%, RC-10%, RC-15% and RC-20% concretes
during the heating—cooling cycle up to 600 °C is shown
in Fig. 13. One endothermic peak and a slight increase
are observed in the temperature difference curve. The
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Fig. 11 Thermal conductivity evolution of Cref-0%, RC-5%, RC-10%, RC-15%, RC-20% concretes during heating () and cooling (V) phases



Algourdin et al. Low-carbon Materials and Green Construction

—8®— Cref-0% 1 — ® —=Cref-0% | —#—RC-5% 1
RC-10% | —#&—RC-15%1 = & —RC-15% |

g
<=

—_
W

(2024) 2:19

Page 11 of 16

— B —=RC-5% |
RC-20% 1

RC-10% 1
RC-20% |

e
n

Thermal diffusivity (mm?/s)
(=)

e
=

0 100 200

300 400 500

Temperature (°C)
Fig. 12 Thermal diffusivity evolution of Cref-0%, RC-5%, RC-10%, RC-15%, RC-20% concretes with temperature during heating (1) and cooling (V)

phases

90

Cref-0% = = RC-5%

~
(=)

W
(=]

3
(==}

—_
(=)

RC-10% === - RC-15% RC-20%

Tsurf (°C)

Tsurf-Tcenter (°C)

—

o
—_
=)
S

-30

00t 300 400

Fig. 13 Evolution of the temperature difference between the surface and the centre of the 150 mmx 300 mm concrete cylinders as a function

of the surface temperature during heating—cooling cycles

endothermic peak appears between 200 °C and 300 °C
and can be attributed to the consumption of latent heat
due to C-S-H dehydration and water evaporation. There-
fore, it is strongly linked to the quantity of water present
in the material. The Cref-0%, RC-10% and RC-20% con-
cretes produce higher peaks among the tested formula-
tions with a AT of 15 °C, indicating higher presence of
water. This result is consistent with the mass-loss values.

The beginning of the second rise, the highest being
for RC-5% and RC-10% concretes, occurs around 600 °C
(Tsurf) and is related to the dehydroxylation of Portland-
ite. During cooling the temperature at the centre is 10 °C
— 20 °C higher than that at the surface, which can cause
additional cracking.

3.2 Residual mechanical properties
Table 3 summarises the results for the residual compres-
sive strength (f,), elastic static modulus (E,,), and elastic

dynamic modulus (Egy,,) before and after each heating-
cooling cycle.

3.2.1 Residual compressive strength

The absolute and relative compressive strengths are
shown in Fig. 14 (a) and (b), respectively. By replacing
cement with recycled fines, the compressive strength
decreases with increasing replacement ratio. A 5%
replacement of cement with RF reduces the 90 d com-
pressive strength by only 5.7%, whereas 20% replacement
reduces it by 23.3%. This decrease can be attributed to
the high water absorption. This explanation is consistent
with that offered in literature[15, 34].

For all concretes, the compressive strength decreases
slightly until 200 °C and then the decrease is more signifi-
cant between 200 °C and 600 °C. At the start of heating
cycle, the drying process induces the following reac-
tion: Si-OH-HO-Si— Si-O-Si+H,0" and causes an
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increase in the surface forces between the C-S-H gel par-
ticles which results in an increase in the resistance of the
cement paste (recycled and reference). When the thresh-
old of 300 °C is exceeded, the concrete no longer contains
water and the strength decreases faster under the effect
of increased temperature [18, 28].

The total porosity evolution was in good agree-
ment with the compressive strength, and the two are
inversely related. The total drop in the relative com-
pressive strength of the recycled concretes is approxi-
mately 75%: Af, RC-5%=78.6%, Af. RC-10%="75.7%, Af,
RC-15%=68.8% and Af, RC-20%=79.7% (Fig. 14 (b)).
The total decrease in relative compressive strength of ref-
erence concrete is of 72.0%. This confirms that the recy-
cled fine has a non-negligible degree of binding.

3.2.2 Elastic modulus

Figure 15 presents the absolute (a) and relative (b)
residual elastic static moduli of the tested concretes as
functions of temperature. At ambient temperatures,
the elastic static modulus is strongly dependent on the

density of concrete. It varies from 29.0 GPa (more porous
concrete) and 36.6 GPa (less porous concrete). Like
the residual compressive strength, the elastic modulus
decreases slightly between 20 °C and 200 °C. After 200
°C the decreases is higher and almost linear. Between 400
°C and 600 °C, all the recycled concretes showed practi-
cally the same drop of approximately 7 GPa. At 600 °C,
the Cref-0% falls to the values for recycled concretes (Eg,
cref.o% =921 GPa, Ego resy =55 GPa, Egor reoaon =42
GPa, Eg i pe 150 =44 GPa, Egy¢ pe ooy =4-3 GPa).

The residual elastic static modulus curves for the recy-
cled concretes clearly show two drop modes, with a
slow decrease in E,, properties up to 200 °C and much
faster decrease beyond 200 °C. The residual compressive
strength exhibited a more linear loss in the performance
of recycled concrete. These results are consistent with
those reported previously [35, 38].

Figure 16 (a) and (b) show the absolute and relative
residual elastic dynamic moduli, respectively, of the
tested concretes as functions of temperature. The Cref-
0% concrete shows higher values of the elastic dynamic
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modulus except at 200 °C. The same trend was observed
for the static elastic modulus (Fig. 15). For the recycled
concrete, the elastic dynamic modulus values were very
close to the maximum delta of 4.7 GPa between RC-5%
and RC-20% concretes after 200 °C. The elastic dynamic
modulus of RC-5% concrete follows the same evolution
as the Cref-0% concrete up to 200 °C, and it then drops
to the values of other recycled concretes. After 600 °C,
the E;,, of all tested concretes varies between 3.1 GPa to
4.7 GPa.

The values of the elastic dynamic modulus were higher
than those of the elastic static modulus, with an average
difference of 10 GPa. Studies have shown that this dif-
ference is mostly due to two factors: the discrepancy in
stress level during the tests and the intrinsic heteroge-
neity of the material, which causes an unequal response
under cyclic or vibratory loading conditions. Figure 17
presents the comparison of the static (Eg,,) and dynamic
elastic Young’s moduli (Eyy,). At 600 °C the moduli are
almost identical. At 400 °C the Cref-0% moduli is also
the same. The remaining points are located above the
equivalence curve and are considered to be slightly

overestimated compared with the elastic static modulus.
According to Roufael et al.[30], the wave velocity method
precisely reflects the evolution of the elastic modulus as a
function of temperature.

Figure 18 presents the evolution of the ratio between
the moduli of elasticity (E,, and E,,) and compressive
strength (E/f.) as a function of the temperature. The
results showed that the E /. ratios were between 283
and 568 for Cref-0% concrete, 426 and 593 for RC-5%
concrete, 297 and 573 for RC-10% concrete, 277 and
571 for RC-15% concrete, 428 and 587 for RC-20% con-
crete. The Ey,/f ratios are between 240 and 702 for
Cref-0% concrete, 236 and 736 for RC-5% concrete, 295
and 706 for RC-10% concrete, 227 and 800 for RC-15%
concrete, 472 and 817 for RC-20% concretes. A little
decrease in E/f, ratio is observed between the ambient
temperature and 200 °C and then the ratio decreases
more significantly from 400 °C up to 600 °C. It is con-
sistent with the appearance of cracks at 600 °C as seen
on the tomography images (Fig. 10). It appears that the
stiffness of the material is more influenced by the tem-
perature than by the compressive strength, especially
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for low cement substitutions. In addition, the elastic
modulus decreases gradually with the RF percentage,
whereas the compressive strength decreases a little
for the 5% and 10% of RF before decreasing further for
the highest rates of substitution of cement by recycled
fines.

4 Conclusion

The effect of fire on recycled concrete involves irrevers-
ible physical and chemical changes which progress with
increasing temperature. Cracking sensitivity and pore
network evolution can cause the recycled concrete to
crack and spall. In this study, the effects of recycled
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fines on the physical, thermal, and mechanical prop-
erties of concrete after heating were investigated. The
experimental results revealed the following.

+ Physical properties of RC-5% concrete were very
close to those of Cref-0% concrete.

« With respect to the thermal properties, the aver-
age loss of thermal conductivity during heating was
equal for all the concretes. Recycled gravel and/
or sand have a greater influence on concrete than
recycled fines.

+ The increase in conductivity during cooling
between 300 °C and 200 °C can be explained by the
reversible expansion of aggregates and the com-
pacting of cement paste. The hysteresis that appears
during the cooling phase indicates irreversible
material degradation.

+ The recycled fine concrete showed a higher mass
loss and ethanol porosity. This is linked to the
higher rate of water loss from the recycled con-
crete. This is also consistent with the tomography
results, which showed a higher cracking rate for
recycled concrete. The RC-20% concrete showed
the higher porosity evolution from the ambient
temperature up to 600 °C.

« The RF replacement ratios reduced the mechanical
properties of recycled concrete. At ambient tem-
peratures, the higher the recycled fines, the lower
the residual compressive strength and residual elas-
tic modulus of the recycled concrete. When heated
beyond 600 °C, the residual mechanical properties
of all concretes (including Cref-0% concrete) are
low and analogous.
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