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Abstract

Concrete made with recycled concrete aggregates (RCA) presents particu-
lar properties that may lead to a specific behaviour under fire conditions,
including the spalling risk. The spalling sensitivity of concrete made with
RCA was evaluated through a campaign conducted in three concrete series:
reference, direct replacement, and strength-based replacement. The last was
designed to have the same performance as concrete made with natural ag-
gregates (NA). Samples with different replacement rates of recycled coarse
aggregates (0%, 10 %, 20 %, 40 %, and 100 %) were exposed to the standard
fire curve (ISO 834-1) with constant uniaxial loading (2.5 and 5 MPa). Dur-
ing the tests, the furnace temperature and spalling events were recorded.
After the tests, digital photogrammetry was used to observe the spalling
damage (volume and depth). Fire tests indicated that concrete made with
RCA exhibited a higher spalling degree than concrete made with NA. Re-
sults also show that the replacement rate acts in different ways: in concrete
with RCA replacement rates up to 40 %, the spalling damage increases, but
a further increase does not lead to higher spalling. In addition, RCA changes
the physical properties of concrete, which may trigger spalling, particularly
water content.
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1. Introduction

One of the main concerns when evaluating the fire behaviour of concrete
structures is spalling. This phenomenon consists of violent or nonviolent
detachment of concrete fragments from the surface of a concrete member
[1, 2]. Depending on the severity of the damage, fire spalling can seriously
affect the structural performance because it reduces the cross section and may
even expose steel rebars directly to the fire. This can lead to a reduction in
fire resistance, thermal insulation, and load-bearing capacity [3-5]. Despite
extensive research in recent years, uncertainties regarding the phenomenon
remain, and current models cannot predict spalling events [4, 6, 7.

Concrete behaviour under fire is a coupled thermo-hygro-chemo-mechanical
problem, and all these mechanisms can contribute to the spalling phenomenon
[2]. Spalling is usually explained by one of two theories, (i) pore pressure
build-up and (ii) thermal stresses, which may occur individually or jointly
2, 8]. The first, pore pressure build-up, is a thermo-hygral process driven
by water vaporisation and transport. During heating, the vapour moves to-
wards the exposed surface and into the inner part of the concrete (nonheated).
Owing to thermal gradients, the vapour may condense in the inner core, cre-
ating a saturated layer a few centimetres from the exposed side (the so-called
‘moisture clog’). This zone blocks further vapour movement, leading to an
increase in pore pressure. When stresses resulting from pore pressure exceed
the tensile strength of concrete, spalling may occur [2, 4, 9-11].

The second theory is a thermo-mechanical process driven by thermal-
gradient-induced thermal stresses and/or restrained thermal dilation [2]. When
these high stresses (compressive ones), localized in the first centimetres of
the concrete surface, exceed concrete strength, spalling may occur [4, 8, 12].
Usually, spalling is also attributed to the coupled action of these mechanisms
(thermo-hygral and thermo-mechanical), i.e., a combination of pore pressure,
compression stresses (induced by thermal action and loading), and cracking
[1]. One last mechanism, the thermo-chemical spalling, was also proposed, in
which the phenomenon is related to the decomposition of calcium hydroxide
and the rehydration of calcium oxide [2].

In addition to these theories, different mathematical and numerical mod-
els were developed to understand spalling and concrete behaviour at high
temperatures [13]. These models, mainly based on hygro-thermo-mechanical
mechanisms, are usually analysed with phenomenological [11, 14] or mech-
anistic approaches [15]. The complexity of the spalling problem is also



highlighted by the several parameters that may influence the occurrence of
spalling. These parameters can be classified into material (e.g., permeability,
porosity, and water content), geometry (e.g., shape and size of elements),
and environmental (e.g., heating rate, heating profile, and external mechan-
ical load) factors [1]. In addition, spalling can occur in different forms, such
as aggregate, surface, explosive, and corner spalling [1, 12].

Little is known about the susceptibility of concrete made with recycled
concrete aggregates (RCA) to spalling, and the prediction of its sensitivity
to spalling is generally not trivial. On the one hand, because RCAs are more
porous than natural aggregates (NA), the use of this type of aggregate may
contribute to vapour migration, reducing the pore pressure and spalling risk
[16]. On the other hand, RCAs have higher water absorption, which may lead
to concrete with higher water content, i.e., a key parameter for spalling risk
(17, 18]. Finally, more interfacial transition zones are observed in concrete
made with RCA (old paste/new paste, old aggregate/new paste), which may
lead to distinct behaviour under high temperatures.

Few studies have verified the occurrence of fire spalling in recycled con-
crete aggregate (RAC) [19]. Robert et al. [20] studied the spalling behaviour
of concrete slabs made with RCA. They tested two reference slabs and two
slabs of concrete made with RCA (one with 30 % coarse RCA and the other
with 30 % both fine and coarse RCA). All the elements were tested under the
ISO 834-1 [21] fire curve for 60 min. Superficial and localised spalling was
observed in all slabs containing RCA, whereas slabs with NA did not exhibit
any spalling. This phenomenon was attributed to the high moisture content
of RAC slabs - between 4.4 % and 5.5 % at the element surface, whereas refer-
ence slabs had a moisture content of 4.0 %. However, the extent of damage in
RAC slabs was not detrimental to their stability. Chen et al. [22] evaluated
the mechanical properties of reinforced concrete and steel-reinforced concrete
(i.e., composite) short columns and beams after exposure to elevated tem-
peratures. Samples prepared with different replacement rates were heated in
an electric furnace. Spalling in samples heated to 800°C was reported, but
no further details or explanations were provided

Spalling was also observed by Pliya et al. [16, 23|. In the first study [16],
they tested the spalling sensitivity of high-strength concrete made with NA
and RCA (0%, 15 %, and 30 % replacement rates). Concrete cylinder samples
were heated in an electric furnace at a rate of 10°C/min. All mixes (with
or without RCA) showed progressive and explosive spalling, characterised by
the sudden disintegration of all samples. A similar phenomenon was observed
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in another study [23], in which spalling was found in samples subjected to
preloading and when the surface temperature reached 150°C. For samples
made with NA spalling happened at 450 °C.

The aforementioned experimental studies demonstrated that spalling can
occur in concrete made with RCA. However, systematic evaluation of the
spalling risk of concrete made with RCA has not been performed. This
lack of information prevents the robust design of concrete made with RCA
regarding its fire behaviour. In this study, the fire spalling sensitivity of
concrete made with RCA was investigated experimentally. The purpose of
this research was to conduct a material screening test to provide a qualitative
and comparative evaluation of the spalling behaviour of concrete made with
RCA.

Fire tests on uniaxially loaded samples were performed. Ordinary con-
crete mixes containing different replacement rates of coarse aggregates (10 %,
20 %, 40 %, and 100 %) were subjected to the ISO 834-1[21] fire curve. In
addition to the replacement rate, the effect of the external mechanical load
and replacement method were studied. Spalling events were registered dur-
ing the fire tests. For postfire spalling assessment, a method based on digital
photogrammetry was used. Finally, the spalling behaviour of the specimens
and the influence of RCA were examined in light of common spalling theories.

2. Experimental program

2.1. Materials

Concrete mixes were prepared using cement CEM II/A-L 42.5R (Eqiom).
This cement has a density of 3010kg/m?® and a specific surface area of
4700 cm?/g. To achieve the desired workability, limestone filler (Omya Beto-
carb HP-SC) was used. This filler has a density of 2700 kg/m? and a specific
surface area of 4330 cm?/g. A polycarboxylate-based superplasticiser (STKA
ViscoCrete Tempo-483) was used in the mixes.

Alluvial sand with a fineness modulus of 3.10 was used. Two types of
coarse aggregates were used: NA and RCA. Natural aggregates were made
from diorite (Genouillac, France) and divided into two fractions: 4/10 and
10/20. The recycled concrete aggregates were crushed and screened by a
recycling company near Bordeaux (France). They were divided into the same
fractions as the NA. The physical properties (density, water absorption, and
LA coefficient), measured according to EN 1097-2:2010 [24] and EN 1097-
6:2013 [25], are presented in Table 1. As expected, RCA had higher water
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absorption and a lower LA coefficient owing to the presence of the adhered
mortar.

Table 1: Aggregate properties

Property Sand Natural aggregate Recycled aggregate
Grading size 0/4 4/10 10/20 4/10 10/20
Density (kg/m?) 2650 2820 2840 2570 2590
Water absorption (%) 0.35 0.92 0.81 5.60 4.52
LA coefficient (%) - 16 16 30 36

Because RCAs were obtained from a recycling plant, they also presented
some impurities related to demolition wastes, such as wood, plastic, brick,
and bituminous materials. To quantify these impurities, manual sorting was
performed following EN 933-11:2009 [26] guidelines. The results of this clas-
sification are listed in Table 2.

Table 2: RCA constituents

Constituents (% of mass)*

Aggregate Fraction

Re Ru Rb Ra Rg X
RCA 4/10 73.31 2397 0.53 214 - 0.05
RCA 10/20 76.77 18.59 0.50 3.87 0.07 0.19

*Re: concrete grains, Ru: natural stones, Rb: ceramic elements, Ra:
bituminous grains, Rg: glass, X: other materials (wood, plastic,steel,
paper, etc.)

2.2. Mxture design and casting

To investigate the fire spalling behaviour of concrete made with RCA, a
comprehensive test program was undertaken on seven mixes divided into
three categories: reference, direct replacement (DR), and strength-based
replacement (SBR). Table 3 presents the mixture proportions for all the
mixes. The reference samples are concrete made with NA, designed to meet
the NF EN 206/CN:2014 [27] durability requirements for the XD3 exposure
class. This class determines a maximum water/cement (w/c) ratio of 0.5,
a compressive strength class of C35/45, and a minimum cement content of
350kg/m?. In DR mixes, NA was replaced by RCA in volume without any
changes in the other constituents. Replacement rates for this mix were chosen
based on the RECYBETON |[28] French project recommendations, which, for
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XD3 exposure classes, allow maximum replacement rates of 20 % and 40 %.
Additional replacement rates of 10 % and 100 % were also studied for the DR,
mixes.

In SBR mixes, in addition to aggregate replacement, the cement and wa-
ter contents were adjusted to achieve the same strength as the reference mix.
To adjust mixes, BetonLab [29] software was used. Based on the compressive
strength results of the reference and DR mixes, the properties of the aggre-
gates (p and q coefficients, which describe the aggregate contribution to the
compressive strength) were calibrated. Then, new mixes were designed. The
w/c ratio was adjusted to achieve the same compressive strength as that of
the reference mix. The water and cement contents were adjusted to achieve
the target consistency. For the SBR mixes, replacement rates of 40 % and
100 % were studied.

Table 3: Mix proportions (in kg/m?3, SP in percentage of cement mass)

. Mix
Material  — 3 —REAT0DR RCA20DR RCA-40-DR RCA-100.DR RCA-10-SBR RCA-100-SBR
Cement 350 350 350 350 350 368 120
Filler 60 60 60 60 60 60 60
Sand 8043 8043 804.3 804.3 804.3 787.1 799.8
NA4/10 3317 2985 265.3 199.0 ] 207.2 )
NA 10/20 711.1 640.0 568.9 426.7 - 447.5 -
RCA 4/10 - 30.2 60.5 120.9 302.3 114.7 291.5
RCA 10/20 - 64.9 129.7 950.4 648.5 248.1 630.3
Water 175 175 175 175 175 172 168
sp 0.9 0.9 0.9 0.9 0.9 0.9 0.9

One concern when using RCA stems from its higher water absorption.
This property can affect the workability of concrete, even when moisture
adjustments are made to the mixes [30]. To develop a method that can
be easily reproduced in a concrete plant, all the aggregates (sand, NA, and
RCA) were prewetted for 1h using a soaker hose and then covered with a
plastic sheet for 3h. Before casting, the moisture content of the aggregates
was measured and the water quantity of the mix was corrected.

Preliminary studies showed some variations in workability and compres-
sive strength, even for the same mixes. Because the ratio between the slump
and compressive strength was constant in the preliminary mixes, mixes with
dried aggregates were cast to verify the reference slump and its correspond-
ing compressive strength. These values were used as a reference for the final
mixes (slump between 180 and 190 mm). In the final mixes, the aggregates
were prewetted, and the water content was adjusted to achieve the same



slump as the reference. The same mixing procedure was used for all the con-
crete mixes. The slump was measured after mixing following NF EN 12350-2
[31].

For each mix, cylindrical specimens (11 x 22 cm and 16 x 32 cm) were cast
to determine the mechanical properties at 28 days and at the fire test age.
For the fire tests, prisms with dimensions of 20 x 20 x 10 cm (height x length
x width) were cast. Except for the cylindrical samples used to determine the
properties at 28 days, which were kept submerged in water at 20 °C until the
testing day, the samples were first kept submerged for seven days and then
placed in sealed plastic bags until test (between 88 and 125 days). This curing
induced a high water content (when compared with air curing), thus inducing
a high probability of spalling for all the mixes. At the test age, the water
content (wc), density (pd), and water-accessible porosity (n) were measured
following the NF EN 12390-7:2019 [32] and AFREM recommendations [33].
The slump, mechanical and physical properties of all the studied mixes are
listed in 4.

Table 4: Fresh, mechanical, and physical properties of studied mixes

Mix Slump feos J f c,j Ec,j wcC pd n
(mm) (MPa) (days) (MPa) (GPa) (%) (g/cm®) (%)
NA 194 44.8 94 46.6 34.5 4.9 2.3 12.3

RCA-10-DR 184 39.7 116 44.5 36.8 5.0 2.2 13.8
RCA-20-DR 174 374 88 50.8 349 5.1 2.2 16.0
RCA-40-DR 176 39.7 88 49.6 39 5.4 2.2 15.2
RCA-100-DR 210 34.6 125 39.1 305 7.1 2.1 18.1
RCA-40-SBR 192 44.6 94 46.8 31.8 5.7 2.2 15.3
RCA-100-SBR 180 45.5 94 46 309 6.9 2.1 17.9

*] is fire test age

Table 4 shows that for DR samples, the compressive strength at 28 days
reduces as the replacement rate increases, as seen in previous works [34].
With the direct replacement of 100 % of RCA, the compressive strength re-
duced 22.7% of the initial strength (concrete with NA). In the case of SBR
mixes, both studied mixes (40-SBR and 100-SBR) achieved the proposed
objectives: at 28 days, compressive strength was approximately the same as
concrete made with NA.



2.8. Fire tests

2.8.1. Test setup

The spalling behaviour was evaluated by testing 39 concrete prisms sub-
jected to a standard fire and uniaxial mechanical loading. With the exception
of the 10 % replacement rate, six prisms were evaluated for each mix. From
these six samples, two load levels were evaluated: 2.5 and 5 MPa. Two days
before the spalling tests, the four lateral sides (20 x 10 cm) of the prisms were
sealed with aluminium foil tape, which was glued using refractory glue resis-
tant up to 1200 °C. In addition, before the tests the samples were insulated
with 12 cm of rock wool from both sides. The combination of aluminium foil
and rock wool was used to provide quasi-unidirectional transport of heat and
moisture.

An intermediate-scale furnace powered by a linear propane gas burner
was used for heating. This furnace was used in similar experimental studies
[35-37]. The gas pressure was controlled during the test according to the
ISO 834-1:1999 [21]/NF EN 1363-1:2020 [38] fire curve. The furnace has an
opening of 20 x 20cm. Three type K jacketed thermocouples were used to
measure the heating curve; they were placed in front of the furnace 1 cm from
the heated face of the sample. The thermocouples were placed at heights of
4,10, and 16 cm from the bottom of the furnace opening. The details of the
furnace are shown in Fig.1.

. L—Ve t
Ceramic G E_ 3 "
wool /.

Oven thermocouples

Fig. 1: Furnace details

A hydraulic press was used to apply the uniaxial loading. To ensure
the load distribution, the tested specimen was placed between two concrete
blocks (top and bottom supports). The sides of the tested specimen and
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Fig. 2: Overview of test setup

support blocks were insulated with rock wool, as well as the hydraulic jack.
Some details of the test setup and sample positions are shown in Fig.2. The
load was applied first. After stabilisation, the heating process was initiated.
After 30 min, the heating was turned off, and, after another 5 min, the sample
was discharged. The spalling events were registered using the noises heard
during each test. The time of each explosion (or popping) was noted and
associated with the occurrence of spalling.

Fig. 3 presents the time-temperature curves from all fire tests. Fig.
3a presents the average of the three thermocouples for each test. The x
marks indicate the time of the first spalling event for each sample. Based
on these curves, an error evaluation was performed according to NF EN
1363-1:2020 [38] (Fig. 3b). Most of the curves, up to the first spalling event,
closely followed the ISO 834-1:1999 [21]/NF EN 1363-1:2020 [38] prescription.
After the first spalling time, perturbations were observed at the recorded
temperatures. The main criterion adopted for test validation was whether
the curve followed the tolerances up to the first spalling event. As Fig. 3b
shows, only two fire tests did not consider the tolerance (RCA-10-DR and
RCA-20-DR). These two tests were excluded from further analysis.
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Fig. 3: Developed fire curves

2.3.2. Postfire analysis

After heating, a postfire analysis was conducted on all samples. First,
mass measurements were performed before and after the fire tests. Dig-
ital photogrammetry was then used to quantify the spalling (volume and
depth). This method makes it possible to construct 3D models from digital
photographs. It has been previously used for different in situ and labora-
tory measurements [39, 40]. This method follows an approach that involves
image acquisition and processing, 3D reconstruction, mesh generation, and
post-processing [40].

A digital single-lens mirrorless camera (Panasonic DMC-GX80) with a
zoom lens (G Vario 14-42 mm f/3.5-5.6 ASPH) was used. This camera has a
sensor of 17.3 x 13.3 mm and resolution of 16 megapixels. For image acquisi-
tion, the samples were placed in a rotating table with marks on the surface
to orient the 3D reconstruction. The camera was fixed on a tripod, and pho-
tographs were taken with ISO 400, an aperture of f/14, and a shutter speed
of 1/3 seconds. These settings were selected to have an appropriate exposure
with a larger depth of field such that all the exposed surfaces of the sample
were in focus. Between shots, the rotating table was turned 10° to overlap
consecutive images, which is a necessary procedure for 3D reconstruction.
Thirty-six images were obtained for each sample; an example of the image
taken is shown in Fig.4a.

The image processing and 3D reconstruction were done with Meshroom
[41] software. The 3D model of each model was processed using CloudCom-
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pare software [42]. Using this software, the 3D model was cleaned and scaled
utilizing the reference marks on the rotating table. Fig.4b presents an ex-
ample of a cleaned and scaled 3D model. A binary mesh of the 3D model
was imported in a Cast3m [43] algorithm, which postprocessed the model to
obtain the spalling volume and depths. A depth colour map generated in
Cast3m [43] is presented in Fig.4c.

Depth
(mm)

(a) digital photograph (b) 3D model (c) depth colour map

Fig. 4: Steps in the photogrammetry analysis

An accuracy assessment was performed to estimate the error in the pho-
togrammetry measurements. The experiment was conducted using small
pieces of (Lego® pieces). A Lego® piece was placed on the surface of a
concrete sample, and photogrammetry analysis was performed with this con-
figuration. From this analysis, the dimensions of the Lego® pieces were mea-
sured, and the values were compared with the dimensions obtained using a
calliper. The difference between the dimensions measured by photogram-
metry analysis and the caliper range from 1.06 % to 2.07 %, showing good
agreement between the measurements in all experiments. In addition, the
results are within the range of different experimental programs that used
digital photogrammetry methods (0.11 to 8.63 %) [39, 40].

Table 5: Accuracy assessment of photogrammetry measurements

Lego® Dimension Calliper 3D Model Difference (%)

Height (mm) 17.68 17.87 1.06
Width (mm) 1578  15.55 1.50
Length (mm) 31.8 31.16 2.07
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3. Results

3.1. Spalling events during fire tests

Each spalling event was identified through the noises heard during the
test. Fig. 5a shows the time of the first spalling event for all the tests (each
point indicates one test). Except for one test on RCA-10-DR and one on
RCA-100-SBR, the first spalling event occurred between 5 and 10 min. In
general, no specific relationship was observed between the time of the first
event and load or replacement rate. This range of time to the first spalling
falls within the range observed in previous tests [7, 44, 45]. Fig. 5b shows
the total number of spalling events for each test. This number of spalling
events is correspondent to the number of noises (explosions and poppings)
heard during each test. No clear relationship was observed. The data were
highly scattered, highlighting the random nature of the spalling phenomenon
46].

20 T T T T T T T T T 35 T T T T T T T T T
= e NA (2.5 MPa) 2 ¢ « NA (2.5 MPa)
8 o NA (5 MPa) 5 307 I o NA (5 MPa) |1
PVt SN + DR (2.5 MPa) |4 5 iy A . 4 DR (2.5 MPa)
= s DR (5 MPa) w7 1 at s DR (5 MPa)
= = SBR (2.5 MPa)|{ 5 oL « SBR (2.5 MPa)| ]
2 1ol o SBR (5 MPa) |] & . o SBR (5 MPa)
2 7 N 5 A o
12 R g S 5k % L r
= A
= 2 2 zi g 1w * * 4 B
S 5 L " i 2
S E b L
= = 5 3
k= e 2
= Z

0 1 1 1 1 1 1 1 1 1 0 é 1 1 1 1 1 1 1 1

0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Replacement Rate (%) Replacement Rate (%)
(a) time to first spalling (b) total spalling events

Fig. 5: Spalling events

3.2. Inspection of samples after fire tests

Based on visual inspection, NA mixes showed less spalling than RCA
mixes, regardless of RCA content, compressive strength, or applied load. As
an example, Fig. 6 shows four samples after the fire test, together with
the depth colour maps generated by the photogrammetry process. The NA
mixes almost did not spall, with only some localised spalling. With 20 %
RCA (RCA-20-DR), the concrete already had a higher degree of spalling
than NA. Finally, both 100% replacement rate mixes (RCA-100-DR and
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RCA-100-SBR) had the highest spalling degree, with no significant visual
difference between them.

Depth
(mm)

25
24
22
20
19
18
16
14
13
12
10
8.5
7.0
5.5
4.0
2.5

1.0

RCA-100-DR RCA-100-SBR

Fig. 6: Four samples after fire test and spalling depths maps

The samples with a high replacement rate presented some burned impu-
rities, mainly bituminous products. Fig. 7a shows that the area around the
bituminous particle is black, denoting the burning and melting of this kind
of particle. Fig.7b presents a zoom-in of these particles, where it can be seen
that the aggregates remain, but the bituminous material disintegrated. The
presence of these impurities locally reduced the strength of concrete made
with RCA at high temperatures, as observed by Laneyrie et al. [47]. How-
ever, it was not possible to establish a link between spalling and impurities
in recycled aggregates.
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(a) global view (b) zoom-in on a burned impurity

Fig. 7: RCA-40-DR sample after fire test

3.3. Postfire assessment of spalling

The postfire assessment of spalling was performed using four different in-
dicators: total weight loss of the sample (percentage of the initial mass of
the sample), spalled volume (percentage of the initial volume of the sample),
mean spalling depth (mm) and maximum spalling depth (mm). The last
three were obtained using photogrammetry. Fig.8 shows some of the rela-
tionships between these indicators (each point is related to a different spalling
test). Because the spalled volume is the integral of the mean spalling depth,
the relationship these two indicators is not presented.

First, the relationship between the spalled volume and maximum spalling
depth is presented at the top left. This relationship relatively linear, with
a strong correlation between both indicators, even though they are not di-
rectly linked. At the top right, weight loss and spalled volume show a strong
correlation. The linearity is expected because a higher spalled volume in-
dicates higher mass loss. Some differences may be associated with the fact
that weight loss comprises both the spalled volume and loss resulting from
water evaporation. Finally, at the bottom left, the weight loss is compared
with the maximum spalling depth. The correlation is lower because a higher
maximum spalling depth does not always mean a higher weight loss. Con-
sidering all the relationships between the indicators, further analysis will be
performed by considering only the spalled volume and maximum spalling
depth.
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Fig. 8: Relation between spalling indicators

3.3.1. Effect of uniazxial loading during fire test

The effect of uniaxial loading on the fire spalling behaviour is presented
in Fig.9, both in terms of the spalled volume (Fig.9a) and maximum spalling
depth (Fig.9b). The graphs show each of the mixes analysed with both
applied mechanical loads. The bar chart indicates the average value of each
spalling indicator, and the error bar shows the scattering of the data. Even
though the variation in the individual tests was high, both results indicate
that the increase in the loading level led to an increase in spalling, except for
RCA-100-DR. Scattering was more significant for concrete made with RCA
than for concrete made with NA. However, no direct link to the replacement
rate was identified.

The effect of loading was particularly observed for the RCA-40-DR mix,
which presented more than twice the spalled volume with a load increase of
3.5% for 2.5 MPa and 10.1% for 5 MPa. By contrast, the lowest difference
was observed for concrete made with NA, with spalled volumes of 2.05 % and
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2.90 % for loadings of 2.5 MPa and 5 MPa, respectively. An increase in the
spalled volume with the load was not observed for the RCA-100-DR mix,
presenting a higher spalled volume of 2.5 MPa. This was one of the mixes
that presented a higher dispersion of results.

Similar observations were made regarding the maximum spalling depth
but with an even less clear tendency between the load and spalling depth.
For example, NA, RCA-40-SBR, and RCA-100-SBR presented, had the same
maximum spalling depth (average value), regardless of the applied load. The
largest difference was observed for RCA-40-DR, with a variation of 9mm
between the two loads. In the case of the spalled volume, the RCA-100-DR
mix also had a higher maximum spalling depth with a loading of 2.5 MPa.

The key influence of the load on spalling was previously verified in dif-
ferent experimental setups and concrete mixes [48, 49]. However, only a few
studies [35, 50, 51] have evaluated the effect of different load levels on con-
crete. All of this previous studies were made in concrete made with NA. In
general, their conclusions agree with the general behaviour observed herein:
spalling severity may increase with external load.

=
25 T T T T T T

wt
o

[ JLoad = 2.5 MPa g [ JLoad = 2.5 MPa
i< 20 [ [IlLoad = 5 MPa 1 & 4ol [HlLoad = 5 MPa ]
o B
E 150 1 2 a0l ]
E 15 A 30
Qo o0
-~ g
= 10t 1 = 20t :
< <
3 &
2 5h 4 . 10p ]
A N m : I
S
0 Il Il Il Il Il = U Il Il Il

<> Q’QQ\ Q’OQ\ QQQ“ %@i\‘ %Qﬂ“ <> QS)?“ Q’Q?“ QS)?“ %QS‘ %Q)Q‘
N ?ﬂz . I A Y XQQ, N ?y,") . ?;59 A Y XQQ’
7 QL QVQ?’ Q\Q?’ Q\G?’/ L7 QL Q\O?‘ Q‘C?‘ Q‘CV
(a) spalled Volume (b) maximum Spalling Depth

Fig. 9: effect of compressive axial loading on spalling indicators

3.3.2. Effect of replacement rate

Figs. 10 and 11 show the effect of replacement rate and the replacement
method (DR/SBR) on the spalling behaviour. In these graphs, the scatter
points represent the spalling indicator obtained from the postfire analysis
of each sample, while the line indicates the average value of this indicator.
Spalling indicators (volume and depth) are plotted against the replacement
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rate. The data are scattered, highlightingthe random nature of spalling.
However, some trends can be verified. As observed in the visual inspection,
concrete made with RCA exhibited a higher spalling degree than that made
with NA. The spalled volume showed a similar behaviour in most cases: an
increase up to a certain replacement rate, followed by a constant value. This
was more evident in the DR and SBR samples subjected to 5 MPa. In these
curves, the spalled volume increases as the replacement rate increases from
0% to 40 %. Then, from 40 % to 100 % of the replacement rate, the spalling
indicators remain relatively constant, approximately 10 % of the volume loss
for DR and 9% for SBR.

Concerning the replacement method, results show that both type of mixes
presented a similar spalling risk. The replacement method affects the cement
paste volume and, consequently, the concrete compressive strength. The
SBR mixes were designed to have denser and stronger pastes and a higher
quantity of cement paste. However, these modifications only slightly affect
the general behaviour of the spalled volume. For 2.5 MPa, mixes with 100 %
RCA showed higher differences between DR and SBR. The spalled volume
in RCA-100-DR was around 5 % higher than RCA-100-SBR. For 5 MPa, DR
still presents a higher spalled volume, but the difference is less significant -
around 1 %.
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Fig. 10: Effect of replacement on the spalled volume
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The evolution of the maximum spalling depth with the replacement rate
exhibited the same general trend. However, differences were observed with
the DR mixes subjected to a loading of 5 MPa. For these mixes, a higher
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maximum spalling depth (23.7mm) was observed at a replacement rate of
20 %. However, for replacement rates from 40 % to 100 %, the values also re-
mained comparatively constant, from 21.2 mm to 20.7 mm, respectively. This
behaviour reinforces the fact that the RCA replacement rate does not change
the spalling degree after a certain percentage (after 40 % in this study).

For the effect of replacement methods, similar trends as the ones ob-
served in spalled volume were verified. For 2.5 MPa, higher differences in
max spalling depth between DR and SBR. For 100 %, the difference in depth
was around 6 mm. In the case of the fire tests with 5 MPa of uniaxial load,
the differences become negligible - less than 1 mm between replacement meth-
ods. Furthermore, the behaviour observed Figs. 10 and 11 highlight that the
replacement method (DR or SBR) did not substantially change the spalling
behaviour of concrete made with RCA.
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Fig. 11: Effect of replacement on the maximum spalling depth

4. Discussion of the influence of RCA on fire spalling mechanisms
in concrete

The general trend observed in the spalled volume and maximum spalling
depth indicates that the replacement rate has a contradictory effect on the
spalling behaviour. First, up to a 40 % of replacement rate, the spalling de-
gree increased with the presence of RCA. Further addition of RCA did not
substantially change the spalling severity. After a replacement level thresh-
old, the presence of RCA kept the spalling degree constant. However, the
replacement rate influences several physical properties of concrete that usu-
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ally play a crucial role in spalling sensitivity. Two of these, compressive
strength and water content, are discussed in this section.

Usually, high compressive strength leads to high compacity and low per-
meability [2, 52]. These properties may induce the build-up of pore pressure,
possibly increasing the spalling risk according to different studies [2, 53].
Fig.12 shows the spalling results against the average compressive strength
measured at the test age for each of the studied mixes (each point represents
the result of a single fire test). Even if the results are slightly scattered, one
can observe that both the spalled volume and the maximum spalling depth
tend to decrease as the compressive strength increases. Hence, the trend of
spalling risk increasing as the compressive strength increases was not identi-
fied for the studied mixes. One mix (RCA-100-DR), which presented a higher
average spalled volume (12.0 %) and depth (26.3 mm), had a lower compres-
sive strength. This behaviour indicates that, in this experimental evaluation,
compressive strength does not seem to be a factor affecting spalling depth.
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Fig. 12: Effect of compressive strength on spalling indicators

The effect of water content on concrete spalling is also related to the build-
up of pore pressure [53] and, according to some researchers, can have play a
major role in the mechanical properties of concrete at high temperatures [54].
For both cases, and as observed in numerous experimental studies [4, 53, 55],
spalling risk is concluded to be higher for high water content.

Fig.13 presents the spalling results against the water content (measured
at the test age) for each studied mix (again, scatter points represent the result
of each fire test). In the present study, the highest average spalled volume
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(12.0 %) and depth (26.3 mm) were observed for the mix with the higher wa-
ter content (RCA-100-DR, wc=7.6 %), agreeing with the tendency reported
in the literature. The results also indicated that spalling is very sensitive to
water content. For example, between 5.2% (NA) and 6.1 % (RCA-40-SBR)
water content, the spalled volume increased more than three times (under
a mechanical load of 5 MPa). This type of sensitivity was also identified by
Maier et al. [18], who verified a higher increase in damage within a small
range of initial water content. At the same time, the results presented herein
show some cases where the difference in water content was relatively high
(6.1% for RCA-40-SBR and 7.3 % for RCA-100-SBR). However, the maxi-
mum spalling depths were quite similar (21.6 mm and 24.4 mm, respectively).
After 6.1 %, the spalling parameters remained almost constant.
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Fig. 13: Effect of water content on spalling indicators

In short, compressive strength did not seem to affect the risk of spalling,
and the water content appears to be a critical parameter. A higher RCA
replacement rate leads to higher water content and spalling risk. However,
its effect is insufficient to explain why the extent of spalling of the concrete
made with RCA did not evolve from a replacement rate threshold of 40 % in
this study. This particular behaviour of concrete made with RCA concerning
the risk of spalling should involve other phenomena.

Two hypotheses are highlighted. The first one is related to a lower ther-
mal mismatch between aggregate and paste. For concrete made with RCA,
the higher the replacement rate, the more the old-paste—new-paste interfaces
become the majority of the paste—aggregate interfaces. Consequently, in-
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creasing the replacement rate may decrease the thermal mismatch, leading
to a lower cracking density. This reduction may improve the local mechani-
cal properties of the concrete (mainly in the vicinity of the heated surfaces) .
For example, this can be observed by comparing the mechanical properties of
concretes where the thermal mismatch is different (e.g., concrete made with
different aggregates [56, 57]). Finally, this improvement can reduce the risk
of spalling in contrast to the previous effect.

The second theory is related to cracking. As verified experimentally in
previous works [16], the use of saturated/wet RCA may lead to an excess
of water surrounding aggregates. This extra water may reduce the bond
in interfaces, inducing cracks and increasing permeability. In addition, the
higher initial porosity of RCA also may cause higher permeability in the
concrete mixes. This increase in permeability can favour the transport of
fluids (liquid water and vapour) in the sensitive spalling zone, decreasing the
pore pressure and the risk of spalling.

These effects, which may happen jointly, are some of the phenomena that
could explain the results of this study. First, up to a certain replacement rate
threshold (40 % in this study), the increase in spalling risk can be explained
by the increase in water content. Above this threshold, the highlighted phe-
nomena can counterbalance the effect of the water content and stabilise the
spalling characteristics. Further analysis of permeability and microscopic
observations of thermal cracking could help to clarify this point.

5. Conclusions

The spalling behaviour of concrete made with recycled concrete aggre-
gates was investigated experimentally. Based on the results, the following
conclusions were drawn:

e Digital photogrammetry shows potential for postfire assessment. All
spalling measurements showed a good relationship and can serve as
appropriate indicators of the degree of damage when assessing the fire
risk susceptibility of concrete mixes.

e In general, concrete made with RCA exhibited a higher spalling degree
than concrete made with NA. An increase in the compressive axial
load led to a slight increase in the spalling degree. Concerning the
replacement rate, spalling indicators (volume and maximum depth)

21



exhibited peculiar behaviour. First, the spalling volume and depth
increased from 0% to 40 %. From 40 % to 100 %, the spalling indicators
remained constant. The replacement method (direct replacement or
strength-based replacement) did not substantially change the general
behaviour.

e The presence of RCA affects different properties that may influence
spalling risks, such as the water content and compressive strength.
Compressive strength did not affect the spalling risk of concrete made
with RCA because concrete mixes with relatively low strength pre-
sented a noticeably higher spalling. The water content influenced the
spalling damage because mixing with high water content resulted in
higher spalling depths and volumes.

e Different hypotheses were proposed about the effect of replacement rate
on spalling risk. The increase in spalling risk could be associated with
higher water content and lower thermal cracking. At the same time,
the possible reduction of spalling risk could be related to the cracking
behaviour and the improvement of the mechanical properties of the
concrete owing to the lower thermal mismatch.

Finally, it is essential to emphasise that these conclusions are drawn based
on the material screening campaign for a specific type of aggregate (for both
NA and RCA), from a specific region, with specific properties and nature.
Full-scale fire tests on structural elements should be performed to analyse
the spalling risk of concrete made with RCA and to verify the influence of
possible spalling damage on structural performance (fire resistance).
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