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Abstract

The behaviour of concrete made with recycled concrete aggregates (RCA)
at room temperature is well-studied. However, some points still need to
be addressed, especially in extreme conditions such as durability and
high temperature. This paper evaluates the effect of elevated temper-
atures on the durability of concrete made with RCA. Three concrete
mixes were studied: concrete with NA (reference), 100% direct replace-
ment (DR) mix (RCA-100-DR) and 100% strength-based replacement
(SBR) mix (RCA-100-SBR). The latter was designed to achieve the same
performance as concrete made with NA. Mixes were exposed to tem-
peratures of 200 ◦C, 400 ◦C and 600 ◦C. After cooling, durability-loss
due to thermal exposure was evaluated through water porosity, capil-
lary water absorption, permeability, chloride diffusion and accelerated
carbonation tests. At room temperature, the direct addition of RCA
decreased all durability parameters. The SBR mix recovered some of
the durability properties. Exposure to high temperatures decreases all
the properties, but it varies depending on the property. The concrete
made with NA and the SBR mix showed similar performance. The dura-
bility was also evaluated using a performance-based approach, both at

1



Springer Nature 2021 LATEX template

2 Durability of concrete made with RCA after exposure to elevated temperatures

room and high-temperature. The proposed approaches showed poten-
tial to evaluate durability indicators, but they should be considered
with precaution. Overall, concrete made with RCA reduces the dura-
bility of concrete, with or without heat damage, but this decrease can
be reduced with proper mix optimization. These evaluations contribute
to the post-heating durability of concrete structures made with RCA,
which is fundamental to the post-fire assessment of concrete structures.
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1 Introduction

The use of recycled coarse aggregate (RCA) as a replacement for natural
aggregates has proven to be a possible solution to make sustainable concrete.
This solution showed potential to minimize

:::
the

::::::::
potential

:::
to

::::::::
minimise

:
the con-

sumption of raw materials and also reduce waste landfilling
::::::
landfill

:
[1–3]. The

production of recycled aggregate concrete (RAC) has been the aim of study
for the last decades. In general, concrete made with RCA shows comparable
properties to ordinary concrete, depending on RCA’s quality and replacement
rate [4, 5].

Although its use has been proven to be feasible, RCA will severely affect the
properties of the concrete. First, related to the aggregate itself, RCA usually
presents higher porosity, higher water absorption and lower strength than NA
[2, 6] , due to the attached (or adhered) mortar. Also, incorporating RCAs on
concrete will result in a peculiar microstructure, with three different transition
zones [2, 7]. These changes affect the behaviour of this sustainable concretes.
Extensive

::
In

::::::
recent

::::::
years,

:::::::::
extensive research has been done in the last years

to characterize the RAC concrete
::
to

:::::::::::
characterise

:::::
RAC

:
behaviour. However,

some topics still need to be addressed, primarily related to exposure to extreme
conditions, such as fire and post-fire durability.

Indeed, these properties have been studied before in literature [8, 9], but
limited attention was given to durability-loss due to exposure to elevated tem-
peratures. Kou et al. [10] evaluated water absorption and porosity of RAC
after exposure to elevated temperatures. The authors state that after expo-
sure to 500 ◦C, water absorption was higher for concrete made with RCA, and
this behaviour inverses after 800 ◦C. Mercury Intrusion Porosimetry (MIP)
results demonstrated that the concrete with RCA presented a lesser increase
in total porosity and smaller average pore diameter. The authors state that
this behaviour is associated with better thermal compatibility between new
and old paste.

Xuan et al. [11] also evaluated porosity through MIP and found RAC after
600 ◦C are more porous than concrete made with NA and carbonated RCA.
They attributed this behaviour to the decomposition of hydration products
from the cement mortar in RAC. Laneyrie et al. [12] evaluated the effect
of high temperature on the water accessible porosity. They pointed out that
water porosity did not change significantly up to 300 ◦C. Finally, Ma et al.
[13, 14] evaluated the residual chloride permeability of RCA after exposure
to high temperatures. They state that substituting NA with RCA increased

::::::::
increases

:
the chloride diffusion coefficient, and this value increases as RCA

content increases.
There is a lack of knowledge about the post-heating durability of concrete

made with RCA. Several crucial parameters, such as permeability and car-
bonation ingress, were not evaluated after exposure to elevated temperatures.
Moreover, even for ordinary concrete made with NA, the durability of fire-
damaged concrete is little know and often ignored in standards and guidelines
[15]. It is noteworthy that the post-heating durability should be assessed after
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extreme events such as fire. Moreover, to be in use again, structures should
meet the requirements of serviceability, strength and stability during all the
remaining service life. The remaining durability properties should be assessed,
and only after this evaluation , the strategies for repair, strengthening, and
maintenance can be made.

To contribute to these knowledge gaps, this paper experimentally evaluates
the residual durability of concrete made with RCA subjected to elevated tem-
perature. Concretes made with NA and with 100% of RCA were produced. For
100% of substitution, a specific mix with comparable strength as concrete with
NA was also designed. The mixes were heated to three different temperatures
(200 ◦C, 400 ◦C and 600 ◦C). A comprehensive range of durability tests was
done before and after exposure to high temperatures: water porosity, capillary
water absorption, gas permeability, chloride diffusion and accelerated carbon-
ation. Lastly, the concrete durability was evaluated using

:
a performance-based

approach.

2 Experimental program

2.1 Materials and concrete mixes

All materials were the same for the tested concretes except for coarse aggre-
gate in this study. The cement was CEM II/A-L 42.5R (produced by Eqiom).
The limestone filler was Betocarb HP-SC (produced by Omya). The superplas-
ticizer was SIKA ViscoCrete Tempo-483. Alluvial sand was the fine aggregate
chosen for the mixes. The two coarse aggregates were natural (NA) and recy-
cled concrete aggregates (RCA). The NA was made from diorite, obtained
from a quarry located in Genouillac (France). The RCA

::::::
RCAs were crushed

and screened near Bordeaux (France) by a recycling company. Table 1 present

:::::::
presents

:
materials properties.

Table 1: Materials properties

Property Cement Filler Sand
NA
4/10

NA
10/20

RCA
4/10

RCA
10/20

Density (kg/m3) 3010 2700 2650 2820 2840 2570 2590
Specific surface (cm2/g) 4700 4330 - - - - -
Water absorption (%) - - 0.35 0.92 0.81 5.6 4.52
LA coefficient (%) - - - 16 16 30 36
Fineness modulus - - 3.1 - - - -

Three concrete mixes were studied: concrete with NA (reference), 100%
direct replacement (DR) mix (RCA-100-DR) and 100% strength-based
replacement (SBR) mix (RCA-100-SBR). The concrete with NA was initially
designed to meet durability requirements (NF EN 206/CN:2014 [16]) for the
XD3 exposure class: water/cement (w/c) ratio of 0.5, C35/45 compressive
strength class and cement content of 350 kg/m3. This was done considering
the most used concrete mix in the partner company. In RCA-100-DR, NA
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::::
NAs

:
were replaced by RCA

:::::
RCAs

:
in volume, without any changes in other

constituents. In RCA-100-SBR, cement and water content were also adjusted
to achieve the same strength and slump

::::::
target

::::::
slump

::::::::
(between

::::::::
180mm

::::
and

:::::::
200mm)

:
as the reference mix. The SBR mix was designed with BetonLab [17]

software. Based on compressive strength results of reference and DR mixes,
aggregates properties were calibrated. Then, the w/c ratio was adjusted to
have the same compressive strength as the reference. Finally, water and cement
content were modified (maintaining the same w/c) to achieve the same slump.
Table 2 present mixture proportions. Compressive strength results of NA and
DR mixes were used to calibrate the software’s aggregate properties. Then,
the w/c ratio and cement paste content were adjusted to achieve the same
strength and workability as reference concrete. Table 2 present

:::::::
presents

::::
the

mixture proportions.
Working with wet aggregates instead of fully-saturated aggregates (soaked)

was adoptedthinking in
:
,
::::::::
thinking

::
of

:
a method that can be easily reproduced

in the concrete plant from the partner company of the project. The aggregates
(sand, NA and RCA) were pre-wetted for one hour using a soaker hose and
then covered with a plastic sheet for three hours. The aggregates (sand, NA and
RCA) were pre-wetted for one hour using a soaker hose and then covered with
a plastic sheet for three hours. Before casting, moisture content was measured,
and the mix

::::::
mixing

:
water was adjusted to reach the same slump. Additional

water corrections were done due to variations in initial mixes. More details are
given in previous works [18, 19].

The mixing procedure was the same for all mixes. First, aggregates, cement
and filler were mixed for 2 minutes. Then, water and SP were added and
mixed for two minutes. The slump was measured following NF EN 12350-2
[20]. Concrete with NA presented slump of 205mm, RCA-100-DR was 208mm
and RCA-100-SBR was 174mm. Cylindrical specimens of 11 cm x 22 cm and
prisms of 7 cm x 7 cm x 28 cm were cast. The samples for mechanical charac-
terization at 28 days were kept submerged in water at 20 ◦C. The remaining
experimental samples were kept submerged for seven days and then placed
into sealed plastic containers until test age: approximately 6 months for all
tests, with the exception of carbonation samples, which aged 12 months. For
concrete mechanical characterization, compressive strength (NF EN 12390-3
[21]), splitting tensile strength (NF EN 12390-6 [22]) and elastic modulus(NF
EN 12390-13 [23]) were determined (Table 2).

2.2 Elevated temperature exposure

The heating process was done using an electric furnace of internal dimensions
of 55 cm x 50 cm x 31 cm. The time-temperature parameters are controlled
by an automated regulator connected to a thermocouple located inside the
furnace. The furnace has electric resistance located in the back and a fan at
the top to homogenize temperature properly. A low heating rate of 2 °C/min
was chosen to avoid significant thermal gradients inside the concrete sample.
Three temperatures were considered: 200 ◦C, 400 ◦C and 600 ◦C. The

:::::
These
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Table 2: Mix proportions and mechanical properties of studied mixes

Material/Property
Mix

NA RCA-100-DR RCA-100-SBR
Cement (kg/m3) 350 350 420
Filler (kg/m3) 60 60 60
Sand (kg/m3) 804.3 804.3 799.8

NA 4/10 (kg/m3) 331.7 - -
NA 10/20 (kg/m3) 711.1 - -
RCA 4/10 (kg/m3) - 302.3 291.5
RCA 10/20 (kg/m3) - 648.5 630.3

Water (kg/m3) 175 175 168
SP (% of cement) 0.9 0.9 0.9

fc28 (MPa) 42.2 (± 0.6) 32.6 (± 0.3) 44.4 (± 0.8)
ft28 (MPa) 4.0 (± 0.1) 3.8 (± 0.1) 4.0 (± 0.1)
Ec28 (GPa) 32.9 (± 0.5) 27.1 (± 0.2) 30.1 (± 0.3)

::::::::::::
temperatures

::::
were

::::::::
selected

:::::
since

::::
the

:::::
most

:::::::
relevant

:::::::::::::::
physicochemical

::::::::
changes

:::::
occur

::::::
within

::::
this

::::::::::::
temperature

::::::
range.

:::
In

::::::::
addition,

:::::
after

:::::::
600 ◦C,

::::::
most

::
of

::::
the

:::::::
concrete

::::::::
strength

::::
has

:::::::
already

:::::
gone

:::
[9].

:::::
The

::::::
target temperature was kept for

180min at the target temperature, then naturally cooled to room temperature
inside the furnace. After cooling, samples were stored inside sealed containers
with silica gel until testing.

2.3 Determination of durability procedures

2.3.1 Water accessible porosity

The water porosity was measured based on AFREM recommendations [24].
Three 1/4 of 11 cm x 5 cm disks, removed from the middle of cylinders, were used
for each mix and temperature. For room temperature measurements, samples
were oven-dried at 80 ◦C until constant mass (mass variation less than 0.05%
in one day) before testing. Eq. (1) presents the equation for water porosity (η,
in %) calculation.

η =

(
mssd −mdry

mssd −mhyd

)
· 100 (1)

In these equations,mssd (kg) is the saturated superficially dried mass,mdry

(kg) is the dried mass, and mhyd (kg) is the hydrostatic mass.

2.3.2 Gas permeability

Axial gas permeability was measured using the RILEM-CEMBUREAU
method [25, 26], based on the Klinkenberg approach [27]. The test was carried
out at room temperature and after each heating/cooling procedure described
above. Three samples (�11 cm x 5 cm) per mix and temperature were evalu-
ated. These disks were cut from �11 cm x 22 cm cylinders using a diamond
saw. The extremities (2 cm) of the �11 cm x 22 cm cylinders were discarded to
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avoid any possible edge effect on the permeability measurements. Before test-
ing, samples were oven-dried at 80 ◦C. Then, the curved face of the cylinders
was wrapped with aluminium tape to seal the sample, avoid any leakage and
induce unidirectional flow.

The sample was placed in the permeameter cell, encased by a polyurethane
ring and an inflated rubber tube. Once the sample was set, the rubber tube was
inflated to apply lateral pressure on the specimen. The lateral pressure applied
was 0.3MPa, determined in trial tests with different confining pressures. These
trial tests were done to verify the minimum value without any gas leakage
on the setup. The reduction in lateral pressure was made based on Miah et
al. [28], which showed that confining pressure strongly affects permeability
measurements due to the closure of heat-induced microcracks. In any case,
injected pressures were limited to half of the confining pressure.

The test principle consists of applying a
::
an inert gas (nitrogen in this work)

at constant pressure and, after stabilization, measuring the flow rate at the
inlet. Three inlet gas pressure levels were used for each sample. For each pres-
sure, the apparent permeability (Ka) was first determined according to Eq. (2)
(based on Darcy’s Law). The intrinsic permeability (Kint), which is indepen-
dent of inlet pressure, was determined from the three apparent permeability
measurements using the Klinkenberg correction for gas slippage [27]. For this,
experimental data is fitted to the Eq. (3) to determine the intrinsic perme-
ability of the material. Also, apparent permeability at 0.2MPa, used for the
performance-based approach (Section 4), was determined from the fitting.

Ka =
2PatmQiLµ

A(Pi
2 − Patm

2)
(2)

Ka = Kint

(
1 +

β

Pm

)
(3)

In these equations, Ka (m2) is the apparent permeability, Kint (m2) is
the intrinsic permeability, Pi (Pa) is the inlet pressure , Patm (Pa) is the
atmospheric pressure, Qi (m

3/s) is the gas flow, L (m) is the sample thickness,
µ (Pa/s) is dynamic viscosity of the inlet gas at the temperature measured
during the test, A (m2) is the cross-section sample area, and β (Pa) is the
klinkenberg’s coefficient.

2.3.3 Capillary water absorption

The capillary water absorption was measured based on AFREM recommenda-
tions [24]. From the 28 cm x 7 cm x 7 cm prisms, two samples of 14 cm x 7 cm x
7 cm (height x length x width) were obtained and used for each mix and each
temperature level. The height of the specimen was chosen based on a previous
work [29]

:
, which showed a high capillary rise of samples heated up to 600 ◦C.

For room temperature measurements, samples were oven-dried at 80 ◦C before
testing , until constant mass (mass variation less than 0.05% in one day).
The lateral surface (7 cm x 14 cm) were coated with epoxy resin to ensure
one-dimensional water transport. After resin drying, one of the uncoated sides
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(14 cm x 14 cm) was placed inside a covered recipient with water. Small metal-
lic supports were used to provide 3mm of immersed depth. The mass of each
sample was measured at different time intervals (from 0.25 and up to 72 hours).
Capillary water absorption was calculated using Eq. (4).

Cwa =
mt −m0

A
(4)

Where Cwa (kg/m2) is the capillary absorption, mt (kg) is mass at time t,
m0 (kg) is initial mass and A (m2) is the cross-section sample area in contact
with water.

2.3.4 Chloride diffusion

The effective chloride diffusion coefficient was measured based on the accel-
erated migration test in steady-state conditions proposed by LMDC [30].
In this test, an electrical field is applied to a saturated concrete specimen
placed between two compartments, upstream (a solution rich in chlorides) and
downstream (

:
a
:
solution without chlorides). The chloride diffusion coefficient

is determined from the chloride ion flux between compartments [30–32]. For
this, concrete disks of �11 cm x 5 cm were sawn from �11 cm x 22 cm cylin-
ders. Two samples per mix and temperature were evaluated. Measurements
were limited to 200 ◦C , since the crack state of samples after 400°C did not
allowedproper

::::
allow

:::::::
proper

:
determination of the chloride coefficient with the

proposed method.
After vacuum saturation with a support solution (demineralised water,

1 g/l of NaOH, and 4.65 g/l of KOH), samples were placed in the migra-
tion cell. A constant potential of 30V was applied between the electrodes to
provide an electric field (E = 600V/m) between downstream and upstream
compartments. The upstream compartment contained a solution of NaCl
(12 g/l), NaOH (1 g/l), KOH (4.65 g/l) and demineralised water, while the
downstream compartment was filled with the the support solution. The concen-
tration of chloride ions in the upstream was determined by AgNO3 titration.
This measurement was done before the start of the test and at regular inter-
vals: two times per day for five days. For the calculation, first, the ionic flux
of chlorides (J , in mol/m3s) was determined using the slope of the curve
of the variation between the cumulative quantity of chlorides leaving the
upstream versus time, as shown in Eq. (5). Then, the effective chloride diffusion
coefficient (Deff , in m2/s) was calculated, following Eq. (6).

J =
Cup,1 − Cup,2

t
· V
S

(5)

Deff =
RTJ

CupFE
(6)

Where Cup,1 and Cup,1 (mol/m3) are the concentration of chlorides at
upstream in the start and at the moment of the test, t (s) is test duration, V
(m3) is the volume of the upstream solution, S (m2) is

:::
the surface area of test
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specimen exposed to chloride, R (8.314 J/molK) is the perfect gas constant, T
(K) is

:::
the temperature during chloride test, Cup (mol/m3) is chloride concen-

tration of
:::
the upstream solution, F (96 487C/mol) is Faraday constant and E

(V/m) is the electric field applied.

2.3.5 Accelerated carbonation

The carbonation was evaluated by accelerated testing. The test protocol was
based on French Standard XP P18-458 [33], with some differences described
below. Concrete disks of �11 cm x 6.5 cm were sawn from �11 cm x 22 cm
cylinders using a diamond saw. The pre-conditioning involved different steps.
First

:
, samples were dried in a ventilated oven at 45 ◦C for 14 days. Then, sam-

ples were placed in a climatic chamber at 20 ◦C and 65% HR for 14 days.
For heated samples, the pre-conditioning involved an additional step. Since
they were fully dried after heating, samples were immersed in water for 48
hours. This process was done to re-saturate the sample and recover the nec-
essary humidity (usually between 50% and 80% [34]) for the carbonation
phenomenon. Then, samples underwent the same procedure described before
(drying for 14 days followed by 14 days inside the climatic chamber). Just
before the test, the curved face of each cylinder was wrapped with aluminium
tape to ensure a unidirectional carbonation flow.

The samples were then placed inside the carbonation chamber with 3±0.5%
of CO2, relative humidity of 65±5% and temperature of 20±3 ◦C. It is note-
worthy that the CO2 content used was much lower than the 50% specified in
the XP P18-458 [33] standard. The value was chosen based on previous studies,
which showed that 3% is suitable and representative of long-term carbonation
in natural conditions [35, 36]. After 0, 2, 7, 14, 21 and 28 days of exposure, one
disk per mix and temperature was removed and split into two parts through
splitting tests. Phenolphthalein was sprayed in the fractures

:::
on

:::
the

:::::::::
fractured

surfaces, and carbonation depth was measured using a calliper
::::::
caliper. Five

depth measurements were taken from each side (top/bottom) of each part,
and, in total, 20 values were taken per mix/condition. In addition to carbona-
tion depth, the carbonation rate was calculated using Eq. (7), based on square
root theory and in accord with the second law of Fick [37].

Xc = kacc
√
t (7)

Where Xc (mm) is the carbonation depth, kacc (mm/yr1/2) is accelerated
carbonation rate and t (yr) is time.

3 Results

3.1 Water accessible porosity

The evolution of water porosity with temperature is presented in absolute (Fig.
1a) and relative values (Fig. 1b). First, at room temperature, concrete with NA
showed a porosity of 11.4%, and the direct substitution of coarse NA by RCA
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resulted in a porosity increase to 16.2%. The results and as well the increase

:::
the

:::
rise

:
in water porosity are coherent with previous works [38]. For the SBR

mix, the porosity remains close to the DR mix, 15.7%. This behaviour shows
that water porosity, in the case of concrete made with RCA, is mainly driven
by RCA porosity.

(a) absolute values (b) relative values

Fig. 1: Evolution of water porosity with temperature

The evolution of water accessible porosity with temperature was similar for
all tested concrete (Fig. 1a). First, up to 200 ◦C, the porosity almost did not
change for studied mixes. Similar behaviour has been registered in previous
works that studied NA , and RCA concretes [12, 39]. From 200 ◦C to 400 ◦C,
the porosity starts to increase significantly, and it is mainly related to intense
water loss and decomposition of C-S-H [40]. In the last branch, from 400 ◦C to
600 ◦C, water porosity increases again at a higher rate and is mainly associated
with portlandite decomposition.

In general, concrete with NA presents the lowest water porosity values for
all tested temperatures. The difference between NA and RCA is close to 3%
and 4% at all temperatures. Both RCA mixes (DR and SBR) show similar
values, execpt

:::::
except

:
for 400°C , when

::::
when

::::
the difference reaches 1.8%. This

behaviour highlights again that aggregate plays a crucial role in the water
accessible porosity. Reducing w/c and increasing the cement paste did not
change the water porosity significantly. In terms of relative porosity evolution,
concrete with NA presented higher values than the mixes with RCA. This
higher rate is probably related to the higher thermal mismatch in the NA
mix that promotes microcracks. The evolution observed in concrete made with
RCA is lower,

:
probably due to the better match between new cement paste

and old cement paste.
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3.2 Gas permeability

Gas permeability results are presented in Fig. 2a and 2b. For room temper-
ature (first points on Fig. 2a), the direct addition of coarse RCA appears to
increase the gas permeability, as observed in previous works [38, 41]. However,
contrary to the phenomenon observed in the water porosity, the strength-based
replacement mix shows intrinsic permeability closer to concrete with NA. This
result shows

::::::::
indicates that the cement matrix plays a key role in permeability.

It is noteworthy also that the changes in permeability were observed within the
same exponent (around 10−16); hence, care should be taken when interpret-
ing the results. In any case, similar findings were observed in previous studies
[38, 42] that verified that the difference between kint in concrete with NA and
RCA is lower when the matrix quality is improved.

(a) absolute values (b) relative values

Fig. 2: Evolution of permeability with temperature

Fig. 2a presents the evolution of permeability (absolute values in log scale)
with all tested temperatures. Concrete with NA presented lower permeabil-
ity for any given temperature, again highlighting the primary effect of initial
aggregate properties. Both DR and SBR shows

::::
show

:
differential behaviour

depending on the temperature level. At 200 ◦C, SBR and DR permeability
were almost the same. This behaviour can be associated with the cracking and
porosity due to water evaporation in cement paste. However, at 400 ◦C, the DR
mix is almost four times more permeable than SBR, even though dispersion
is high. Given that RCA porosity is the same, a probable reason is related to
the cracking at cement paste and interfaces. The stronger cement paste in the
SBR mix possibly reduces general cracking in the paste and reduces thermal
mismatch between RCA and paste. At 600 ◦C, values approach again, with
both mixes having similar behaviour.
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Fig. 2b presents the evolution of permeability relative values (in log scale)
with temperature. The same variation observed in absolute is also shown in rel-
ative values: concrete with NA presents a steady growth in permeability, while
DR and SBR mix varies depending on temperature. The graph reveals the sig-
nificant increase in DR permeability between 200 ◦C and 400 ◦C, highlighting
the probable damage of cement paste and interface at this temperature level.
Finally, from 400 ◦C to 600 ◦C, the growth is higher in the SBR mix, probably
related to the degradation in portlandite and sand quartz transformation at
this temperature level [40].

3.3 Capillary water absorption

The effect of RCA on the capillary water absorption is presented in Fig. 3a.
This figure illustrates the evolution of water absorption with the square root of
time (each curve is the average of two samples) for samples at room tempera-
ture. The RCA-100-DR presents higher absorption than the other two mixes at
any given time. This behaviour is the same as reported in previous works and
directly linked to the higher absorption and porosity of RCA [41, 43]. In the
SBR mix, the changes in w/c and cement paste decreases the capillary water
absorption curves: they get closer to what is observed in concrete made with
NA. This improvement isrelated

:
is
:::::::
related

:
to the improvement in the cement

matrix of RCA-100-SBR, which presents higher compacity than RCA-100-DR.

(a) room temperature (b) elevated temperatures (RCA-100-DR)

Fig. 3: Evolution of capillary water absorption with time

The evolution of capillary water absorption with the square root of time
varies significantly depending on the temperature level (

::
an

:
example is given

at
:
in

:
Fig. 3b). Up to 200 ◦C, the behaviour is quite linear, as seen in typi-

cal absorption curves. However, from 400 ◦C to 600 ◦C, the curves present a
different evolution, with two distinct phases: a first one, with a higher absorp-
tion rate, followed by a flattened phase. The behaviour is similar to what was
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observed in previous works [44, 45], which evaluated the effect of damage on
absorption. The cracks act as a preferential flow and provide access to air-filled
pores, usually filled only later in un-damaged concrete. In the second phase,
with the lower rate, the air-filled voids had already been filled, explaining the
behaviour in this second period. Given this behaviour, to analyze

::::::
analyse

:
the

results with temperature, it was chosen to evaluate the water absorbed at 72
hours as the primary indicator.

Fig. 4a presents the evolution of 72-hour capillary water absorption versus
temperature. From room to 200 ◦C, the absorption was almost constant for all
mixes, showing that the crack state is not relevant to induce higher absorption
at this temperature. From 200 ◦C to 600 ◦C, a linear increase is observed, and
it is due to crack development and dehydration. In general, concrete with RCA
presented higher absorption than concrete made with NA. The same behaviour
was verified in Kou et al. [10]. This behaviour is mainly attributed to RCA’s
higher porosity and mortar content, which drive the capillary water rise in
these concretes. The SBR mix presented lower values than DR, showing that
paste improvement reduced the capillary pores. If the RCA-100-DR presented
higher absolute values, this mix presented a lower evolution (Fig. 4) in terms
of relative values. NA and RCA-100-SBR showed close growth. The highest
evolution of concrete made

::::
with

:
NA could be related to the worst thermal

mismatch in this type of concrete. However, this is not the case of
::
for

:
RCA-

100-SBR, which presents an equal mismatch as RCA-100-DR. In this case, the
evolution can be related to the higher deterioration of hydration products of
cement paste as temperature increases.

(a) absolute values (b) relative values

Fig. 4: Evolution of capillary water absorption with temperature
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3.4 Chloride diffusion

Fig. 5 presents the evolution of chloride diffusion coefficient (in log scale)
with temperature. At room temperature, the direct addition of RCA increases
almost by seven the chloride diffusion coefficient. The lower resistance of RAC
to chloride penetration has been verified in previous works [38, 43, 46]. It is
noteworthy that RCA-100-DR presented a relevant variation in measurements
(relevant error bar), but the mix presented higher diffusion than NA in all sam-
ples. The increase in chloride diffusion for SBR was lower than in the DR mix,
but the average value did not return to the reference concrete level. Indeed, the
chloride evolution behaves similarly to water porosity behaviour: the reduc-
tion of w/c and increase in cement paste did not overcome the higher RCA
porosity. The influence of RCA porosity on chloride behaviour is also reported
in some previous work [46, 47].

For high temperature evolution, as explained in the methodology, the coef-
ficient was not possible to measure after 200 ◦C , due to the crack state of

:::
the

:
samples. In any case, it is seen that concrete with NA presents the low-

est chloride diffusion for the two tested temperatures. However, the difference
between concrete with NA and RCA mixes is lower than

::
is

:::::
lower

:
at 200 ◦C.

From room temperature to 200 ◦C, both NA and RCA-100-SBR increased sig-
nificantly, probably due to the development of microcracks in the material. It
is noteworthy that the evolution in RCA-100-DR is much lower than in the
other mixes. This is coherent with permeability and porosity evolution, which
was lower for RCA-100-DR. The worst behaviour in concrete made with RCA
for chloride was also reported in Ma et al. [13]. They verified that increase in
RCA content increased the chloride permeability.

Fig. 5: Evolution of chloride diffusion coefficient with temperatures

3.5 Accelerated carbonation

Table 3 presents an overview of all the results from accelerated carbonation
tests. The carbonation rate was calculated using Fick Law’s and each graph of
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carbonation depth versus test duration. The high r2 of the regression curves
shows that this model is appropriate even for the case of high-temperature
exposure.

Table 3: Carbonation results after exposure to elevated temperature (average
values and standard deviation)

Mix Parameters
Temperature

23°C 200°C 400°C 600°C

NA
Depth at 28 days (mm) 6.42 (1.02) 8.04 (1.08) 9.84 (0.89) 12.20 (1.21)

Carbonation rate (mm/yr1/2) 1.14 1.49 1.79 2.51
r2 0.93 0.97 0.97 0.97

RCA-100-DR
Depth at 28 days (mm) 10.37 (1.85) 11.49 (0.85) 11.62 (0.81) 20.49 (1.66)

Carbonation rate (mm/yr1/2) 1.93 2.15 2.29 3.72
r2 0.99 0.98 0.97 0.98

RCA-100-SBR
Depth at 28 days (mm) 6.24 (0.93) 6.76 (0.81) 8.90 (0.87) 13.87 (2.16)

Carbonation rate (mm/yr1/2) 1.14 1.32 1.77 2.69
r2 0.96 0.97 0.95 0.97

For room temperature, the carbonation depth at 28 days of RCA-100-DR
was 1.6 times greater than

:::
the

:
reference mix. This is coherent with previ-

ous works [48], which verified that relative carbonation depth increases with
RCA due to higher porosity and absorption of RCA aggregates. Silva et al.
[48], with a statistical approach in a literature compilation, showed that RCA
usually presents a carbonation depth 2.5 times higher than ordinary concrete.
The adjustment of cement paste in the SBR mix improved the carbonation
resistance of RAC mixes, and the depth was even slightly lower than concrete
with NA. This behaviour is also verified in previous works, which adjusted the
w/c ratio to obtain the same target strength [48, 49]. The same behaviour was
identified using the accelerated carbonation rate. The evolution was equal for
NA and RCA-100-SBR, highlighting that improving cement paste can result
in similar carbonation performance.

To compare the effect of temperature in each mix, carbonation rate versus
temperature was plotted in Fig. 6. Fig. 6a presents the evolution of carbona-
tion rate with temperature in absolute values. The behaviour seen in

::
at room

temperature keeps similar for all tested temperatures. The direct addition of
RCA increased the carbonation rate, while the SBR mix showed similar per-
formance to concrete made with NA. After exposure to 600 ◦C, the rate in
RCA-100-DR was almost 1.5 more elevated than in concrete made with NA.
The difference in carbonation depth after 28 days was more than 8 cm higher,
as seen in Table 3. The same table and figure show that concrete made with
NA and RCA-100-SBR presented minor differences in rate and carbonation
depth. This indicates that the paste enhancement for SBR was also helpful for
carbonation performance.

For absolute values, the evolution of carbonation rate with temperature is
quite similar in all studied mixes. From 23 ◦C to 400 ◦C, the evolution rate was
relatively low, especially for RCA-100-DR. In this case, the carbonation rate
varied from only 0.36mm/yr1/2. At this temperature, the changes are related
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(a) absolute values (b) relative values

Fig. 6: Evolution of carbonation rate with temperature

to the increase of porosity and permeability due to water loss and first C-S-
H dehydration. From 400 ◦C to 600 ◦C, the increase in carbonation rate was
substantial. At 600 ◦C, concrete suffers from deterioration due to portlandite
dehydration and thermal mismatch. When analyzing the relative values (Fig.
6b), a similar behaviour to the other indicators is observed. Concrete with NA
and RCA-100-SBR presents higher evolution. And, even though the increase
from 400 ◦C to 600 ◦C is relevant, the growth in RCA-100-DR is lower than
the other two.

4 Towards a performance-based approach

Different analyses were proposed to evaluate the durability performance of
concrete made with RCA. They were divided into two sections concerning
temperature exposure: at room temperature and after elevated temperatures.
In the first case, the objective was to evaluate the effect of replacement rate
on concrete durability. The second case refers to the effect of temperature on
concrete durability.

Two different performance-based approaches were proposed at room tem-
perature to evaluate the durability of concrete made with RCA. The first is
the equivalent performance concept, based on NF EN 206-1/CN:2014 [16] pre-
scription. In this method, the new concrete should have an equal or better
performance than the concrete designed according to the durability require-
ments from NF EN 206-1/CN:2014 [16]. In this project, both RCA-100-DR
and RCA-100-SBR are compared to the concrete made with NA. An index of
equivalent performance (EPR) was calculated for each property. These indexes
are the ratio between the property of concrete made with NA (XNA) and
concrete made with RCA (XRCA). If the ratio is lower than 1, the concrete
has deteriorated. If it is higher or equal to 1, concrete has improved or kept
the performance of the reference. For permeability and chloride diffusion, the
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index
::::
was calculated using the log values, and the final value was inversed to

compatibilize
::::::
match with the proposed scale. Eqs. (8) and (9) shows the index

calculation. All values were plotted in a spider-plot type of graph (Fig. 7a).
Similar approaches were made in previous studies [50–53].

EPR
i =

XNA

XRCA
(8)

EPR
i =

1

logXRCA

logXNA

(9)

In these equations, EPR
i is the equivalent performance index for

:::
the

replacement rate. The index i varies from 1 to 5, where 1 is water porosity,
2 is intrinsic permeability, 3 is chloride diffusion coefficient, 4 is accelerated
carbonation rate, and 5 is capillary water absorption at 72-hours

::
72

:::::
hours.

The second approach for room temperature evaluation was the analysis
based on the potential durability established by the AFGC guide for durability
[54]. Selected (water porosity, permeability and chloride) were used to classify
the concrete according to five classes: very low (VL), low (L), medium (M),
high (H) and very high (VH). Table 4 presents the limits associated with each
one of the evaluated properties. To

:::
For

:
a comparative analysis, the values

were normalized from 0 to 1, using Eq. 10. The 0 was defined as the very low
limit (Xvl). It was chosen a value lower than the threshold presented in the
table (18 for water porosity;

:
,
:
30 for chloride and 3000 for permeability). The

1 was the very high limit (Xvh) indicated in the table (in the case of water
porosity, 9 was the adopted as threshold value). It is noteworthy that gas
permeability and chloride diffusion were calculated also

:::
also

:::::::::
calculated

:
using

base-ten logarithms. Using Eq. (10) and Table 4, the scale presented in Fig. 7b
was proposed. In this figure, all the potential durability zones are indicated.
Eq. (10) was also used to calculate the potential durability indicator for each
of the studied mixes.

DIRi =
Xi −Xvl

Xvh −Xvl
(10)

In these equations, DIRi is the potential durability indicators
::::::::
indicator

for each mix. The index i varies from 1 to 3, where 1 is water porosity, 2 is
gas permeability at Pi = 0.2MPa, and 3 is chloride diffusion coefficient. The
Xi correspond

:::::::::::
corresponds to the property to be normalized

:::::::::
normalised, Xvl

is
:::
the very low limit and Xvh is

:::
the

:
very high limit.

For concrete after exposure to elevated temperatures, similar approaches
were applied, but they were adapted considering the objective of the analysis.
For the first approach, an equivalent concept was also proposed. But this time,
the equivalence of each heated concrete was compared with its respective value
at room temperature. In a post-fire scenario, the interest is in how much from

::
of the initial durability remains. Hence, an index of equivalent performance at
high temperature (EPT ) was calculated for each property. In this case, these
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Fig. 7: Scale used in performance approaches

Table 4: Durability indicators (adapted from [54])

Property
Classes and limit values

Very Low Low Medium High Very High
Water Porosity

>16 14 to 16 12 to 14 9 to 12 9 to 6
η (%)

Effective chloride coefficient
>8 2 to 8 1 to 2 0.1 to 1 <0.1

Deff (10−12m2/s)
Gas permeability at (Pi = 0.2MPa)

>1000 300 to 10000 100 to 300 10 to 100 <10
kgaz (10−18m2)

Compressive strength class (indicative) - C25 to C40 C30 to C60 C55 to C80 >C80

indexes are the ratio between the property of concrete at room temperature
and concrete at high temperature

::::::::::::
temperatures. The same principle of deterio-

ration and improvement is applied. Since the chloride diffusion coefficient was
determined only up to 200 ◦C, the analysis was done only in the four remaining
parameters.

The potential durability approach following AFGC criteria was also
applied for high-temperature evaluation. The method, including limits and
normalization

::::::::::::
normalisation

:
procedure, was the same as that used at room

temperature. Since the chloride diffusion coefficient was determined only up
to 200 ◦C, the analysis was done this time considering room temperature and
200 ◦C.

4.1 Room temperature

Fig. 8 presents the equivalent performance for the three studied mixes. When
analyzing

::::::::
analysing

:
the DR mix, it can be seen that the substitution of NA

with RCA worsened all durability indicators. An improvement in the durability
was achieved when optimizing

:::::::::
optimising

:
the w/c and the cement paste content

to obtain the same strength as reference concrete. Even though the water
porosity remains high, due to the high porosity of the RCA, the RCA-100-SBR
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showed reduced deterioration in some indicators. This is especially highlighted
for the accelerated carbonation rate. These results also highlight that water
accessible porosity may not be the most appropriate indicator to evaluate
durability.

EP1

EP2

EP3
EP4

EP5

porosity

permeability

chloridecarbonation

absorption

NA
RCA-100-DR
RCA-100-SBR2.02.0

1.01.0

0.00.0

Fig. 8: Equivalent performance for mixes at room temperature

Fig. 9 presents the potential durability evaluation for the three studied
mixes. Concrete with NA had different potential

::::::::
potentials

:
according to the

different parameters. Water porosity and chloride indicates
:::::::
indicate

:
that the

mix has high (H) durability, while permeability indicates that concrete has
medium (M) durability. As the case of the equivalent comparison, the DR mix
worsened all the performances. Water porosity and permeability were classi-
fied as very low (VL), and chloride showed medium potential durability. For
the SBR mix, even though it has improved from the DR mix, this mix did
not recover the same potential as the concrete made with NA. Gas perme-
ability and chloride diffusion presented the same potential (medium). Still,
water porosity was classified as low (L). It’s noteworthy that, in this doc-
ument, carbonation was not defined as a parameter for potential durability
indicator

::::::::
indicators. Hence, if only this approach were used, the improvement

in carbonation resistance would not be verified. This highlights the necessity
of precaution when evaluating durability through a similar approach.

4.2 Elevated temperatures exposure

Fig. 10 presents the equivalent performance analysis for exposure to elevated
temperatures. A different mix is evaluated in each plot, and a curve for each
temperature level is presented. For all mixes, it is seen that up to 200 ◦C, the
performance is close to the room temperature. This shows that the concrete
can retain some initial durability if heated only up to this temperature level.
After 400 ◦C, the deterioration gets high, and the increase is more prominent in
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Fig. 9: Potential durability for mixes at room temperature

concrete with NA and RCA-100-SBR. This indicates that these mixes undergo
higher damage up to this temperature, mainly associated with cracks due to
water loss and paste hydrates deterioration. The lower evolution of RCA-100-
DR can also be associated with the fact that the initial durability of this
concrete is lower. Hence, the transformations at this level do not deteriorate
indicators as much as the other mixes.

Fig. 11 presents the potential durability evaluation for the mixes after
exposure to 200 ◦C. A similar trend observed in equivalent durability is also
verified here: the RCA-100-DR degrades less than the other mixes. However,
concrete with NA presents a better performance, even after exposure to high
temperatures. The porosity keeps in the high zone potential, but permeability
and chloride degrade one class: permeability enter

:::::
enters

:
to low durability zone,

and chloride enters the medium durability zone. This behaviour reinforces
that this concrete can retain some of its durability properties and may still
be functional after exposure to this level. For RCA-100-DR, the values kept
almost the same after exposure to 200 ◦C. However, it’s noteworthy that the
durability of this mix is already low at room temperature. Lastly, for RCA-
100-SBR, porosity and chloride kept similar, with both staying in the same
potential after exposure to 200 ◦C (low and medium, respectively). However,
the permeability moved from medium to low potential, indicating a reduction
in the performance of this concrete. In general, this methodology seems a good
approach for evaluating post-fire durability.

5 Conclusions

This paper presented an experimental investigation into the post-heating dura-
bility of concrete made with recycled concrete aggregates. Based on the results,
the following conclusions have been drawn:

• The direct addition of RCA in DR mixes reduced the durability of ordinary
strength concrete. The reduction was prominent on all durability indica-
tors. The reduction of w/c and increase in cement paste in

:::
the

:
SBR mix
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Fig. 10: Equivalent performance for mixes at after exposure to high temper-
ature

contributed to the recovery of some durability parameters. Even though
water porosity kept

:::
was

:
high for SBR mix, permeability and accelerated car-

bonation showed the same performance as reference concrete. The chloride
diffusion coefficient and capillary water absorption were better than DR but
not at the same level as concrete with NA. This behaviour highlights that
the same compressive strength is not enough to guarantee the exact same
durability, and these parameters should be evaluated.

• Exposure to high temperatures deteriorated the durability of all studied
mixes, and the extent is greater as temperature increases. In general, the
relative increase is lower for the DR mix and similar in the case of the NA and
SBR mix. Capillary water absorption and water porosity evolved similarly,
with almost constant values up to 200 ◦C, followed by a significant increase
at 400 ◦C and 600 ◦C. Accelerate carbonation rate increased in a low rate up
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Fig. 11: Potential durability for mixes after exposure to elevated temperatures

to 400 ◦C, then a remarkable increase was observed after
::::::::
exposure

::
to 600 ◦C.

Permeability showed a different behaviour depending on the temperature
level - with slight variations between all mixes. For chloride, NA presented
lower values than RCA mixes, but the increase was higher.

• The proposed performance-based approaches showed potential to evaluate
durability indicators. The equivalent performance concept showed poten-
tial, but some indicators (e.g. water porosity) should be considered with
precaution. The potential durability concept was an excellent method to
evaluate the durability, including the high-temperature scenario. How-
ever, this method should be updated and extended for different indicators
(accelerated carbonation, for example).

• This paper shows that the addition of RCA reduces the ambient and post-
fire durability of concrete made with RCA. However, with proper mix
optimization

:::::::::::
optimisation, the durability can be recovered to some extent.
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