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When reinforced concrete elements are subjected to high temperatures, such as in a fire,

they are susceptible to physical and chemical changes that cause spalling, thereby under-

mining their performance under such conditions. It is known that the age and the internal

moisture content of concrete are factors that contribute to this event, but the intensity of

spalling is not yet a consensus. This study aimed to assess the influence of age and internal

moisture on the performance of concrete walls at high temperatures. Therefore, 6 real-scale

walls  were built with dimensions of 3.15 × 3.00 m, with the same composition of concrete,

for  tests in a vertical furnace under the ISO 834 curve, for ages of 7, 14, 28, 56, 84 and 830

days. Moisture was measured as per the electrical resistivity of concrete. It was noted that

walls with ages above 84 days showed no spalling whatsoever, due to the internal mois-

ture  of concrete. The most severe spalling took place at 14 days, thus evidencing that pore
interconnectivity and hydrated cement crystallization can contribute as well.

©  2020 The Authors. Published by Elsevier B.V. This is an open access article under the

CC  BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
.  Introduction

he performance of concrete structures with regards to high
emperatures can be assessed through the analysis spalling
everity levels of the section and mechanical strength loss [1].
ome phenomena support this analysis, such as (a) physical
nd chemical changes in cement paste and aggregates and (b)
hermal incompatibility between these two [2]. Each mecha-
Please cite this article in press as: Manica GC, et al. Influence of curing tim
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ism develops within a specific temperature range, whereas
nternal moisture and degree of hydration of concrete remain
s decisive factors.
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The phenomenon of spalling is related to the heat flow-
ing out of the fire and the distribution of temperature along
the element. Heat flow is linked to the structure’s heat rate,
and, consequently, the duration of the fire. As for temper-
ature distribution, the most influential factors are cement
type, aggregates, additives, geometry and transverse section
of the element, paste saturation degree, age, water/cement
ratio, presence of cracks and degree of concrete porosity [3].
So, this is a complex phenomenon that justifies studies that
analyze variables that should be evaluated separately to attain
a more  assertive study.

For concrete elements with structural function subjected
e on the fire performance of solid reinforced concrete plates. J Mater

to loading, the spalling is mainly influenced by the nominal
stress and the concrete strength, so that the moisture content
has a minor effect on the phenomenon. Therefore, concrete
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Table 2 – Wall naming.

Wall  number Testing age (days)

W1 7
W2 14
W3 28
W4 56
2  j m a t e r r e s t e c h n 

is more  susceptible to spalling when required for compressive
stress [4,5]. However, for concrete elements without structural
function, with only sealing function, the stress is of lower
intensity and, therefore, the moisture content is more  relevant
for the phenomenon.

For a thermo-hydraulic and thermomechanical matter,
spalling comprises a phenomenon that promotes the loos-
ening of layers of the surfaces of concrete exposed to high
temperatures. It is a semi-destructive phenomenon that
derives from the nonuniform distribution of heat along the
section [6,7] and the amount of evaporable water of concrete
[8]. It occurs after the sudden release of energy and can even
be explosive. The internal pressure caused by free water vapor
contained within concrete, along with the formation of cracks
and transverse displacement of the system, all of which are
consequence of an internal stress state, can contribute to
spalling [8].

Moisture content is directly proportional to concrete elec-
trical resistivity, which is influenced by water saturation
degree, and concrete porosity and salinity [9,10]. Other authors
state that the mechanism of spalling does not depend on the
piece’s stress state [11], but that is not a consensus [2]. Bind-
ing conditions turned out to be more  influential than external
loading, mainly in terms of the restraint to the thermal expan-
sion generated by the heat [12]. Studies on real fire cases
have shown that columns, slabs and walls are most suscepti-
ble to spalling because they are subjected to a higher degree
of thermal expansion restraint [13]. Therefore, bigger sam-
ples behave differently from those evaluated in smaller scale,
deserving more  research focus.

Factors such as surface heating rate, internal free water and
porosity do not necessarily ensure the existence of spalling in
every heat-exposed concrete and section [1]. Spalling occurs
when (I) surface heating rate is about 3 ◦C per minute [3], (II)
cement paste permeability is low, below 5 × 10−15 m2 [12]
and (III) pore saturation degree is high, between 2% and 3%
of the mass of concrete [2]. The nature and particle-size dis-
tribution of the coarse aggregate contribute as well [14–16].
FIB Bulletin №  38 [17] even puts age, maximum temperature
and heating rate of the piece, shape and size of the transverse
section, presence of cracks, steel rate, reinforcement arrange-
ment, presence of fibers and the intensity of loading of the
structural element as factors to be researched on.

Neville [18] states that concrete, when wet, behaves as
a semiconductor, that is, it presents electrical resistivity of
about 102 �m. When dry, it is capable of presenting electrical
Please cite this article in press as: Manica GC, et al. Influence of curing tim
Res Technol. 2019. https://doi.org/10.1016/j.jmrt.2019.12.081

resistivity of about 109 �m. For Polder [19], though, increases in
temperature result in smaller resistivities due to higher ionic
mobility and higher ion-ion or ion-solid interaction.

Table 1 – Amount of materials.

Description Quantity (kg/m3)

Cement 350
Fine sand 273
Regular sand 637
Gravel 952
Superplasticizer 2.2
Water 187
W5 84
W6 830

This scenario reveals few researches on the influence of
moisture content and age on the fire performance of real-scale
reinforced concrete elements. Therefore, this study aims to
analyze reinforced concrete plates, with concrete of different
ages being subjected to high temperatures. Therefore, 6 real-
scale walls analysed, with the same composition of concrete,
for ages of 7, 14, 28, 56, 84 and 830 days.

2.  Methods

In order to conduct this study, reinforced concrete plates were
crafted with dimensions of 3.15 × 1.00 m and 0,1 m of thick-
ness. For each test, three concrete plates had to be used to
form a wall with dimensions of 3.15 × 3.00 m.  The 18 plates
built totalized a set of 6 walls that were subjected to the fire
resistance test at ages of 7, 14, 28, 56, 84 and 830 curing days.
The plates were previously instrumented to measure electri-
cal resistivity, hence allowing the measurement of internal
moisture content.

Table 1 presents the amount of materials used to craft the
plates, whereas Table 2 names the walls under analysis and
Table 3 shows the strengths of concrete up to the age of 84
days.

High early strength Portland cement was used, which
had specific gravity of 3120 kg/m3. The admixture added to
concrete was a synthetic superplasticizer based on polycar-
boxylate polymers with density of 1120 kg/m3. The steel used
to craft the pieces was ribbed with yield strength of 500 MPa
(5 × 108 Pa) and diameters of 5.0 mm (0.005 m),  8.0 mm  (0.008
m)  and 12.5 mm (0.0125 m).  Fig. 1a shows the reinforcements
in reinforced concrete plates.

To read electrical resistivity, starting from the Wenner four-
pin method, 4 flexible conductors with 8.0 mm (0.008 m)  of
diameters were placed on the middle plate of each wall, 0.075
m away from the corners and with 0.1 m of spacing from each
other, as depicted in Fig. 1b. Electrical resistivity was read for
walls W1  to W6.

Still regarding the electrical resistivity analysis, at the end
of the conductor cables installed on the plates, a Megabrás-
branded MTD-20 KW digital ground tester was attached, as
depicted in Fig. 2. Eq. (1) was then used to determine the elec-
trical resistivity of the plates.

� = 4�R

1 + 2D√
D2+4d2

− D√
D2+d2

(1)
e on the fire performance of solid reinforced concrete plates. J Mater

where, � is the electrical resistivity (�m),  R is the resistivity
read by the equipment (�), D is the distance between elec-
trodes (m)  and d is he depth of the electrode (m). Concrete

https://doi.org/10.1016/j.jmrt.2019.12.081
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Table 3 – Compressive strength.

Curing age Sample Compressive strength (MPa) Potential compressive strength (MPa) Standard deviation (MPa)

7 days
1  40.0 (4 × 107Pa)

40.0 (4 × 107Pa)
1.56  (1.56 ×
106Pa)2 37.8 (3.78 × 107Pa)

14 days
1  43.5 (4.35 × 107Pa) 43.5 (4.35 ×

107Pa)
1.70  (1.7 × 106Pa)

2 41.1 (4.11 × 107Pa)

28 days
1  59.9 (5.99 × 107Pa) 59.9 (5.99 ×

107Pa)
0.07  (7 × 104Pa)

2 59.8 (5.98 × 107Pa)

56 days
1  70.8 (7.08 × 107Pa) 70.8 (7.08 ×

107Pa)
0.14  (1.4 × 105Pa)

2 70.6 (7.06 × 107Pa)

84 days
1  71.5 (7.15 × 107Pa)

75.0 (7.5 × 107Pa)
2.47  (2.47 ×
106Pa)2 75.0 (7.5 × 107Pa)

Fig. 1 – Drawing of plate (a) reinforcement and (b) conduits.

Fig. 2 – Details of (a) connection of the devices to the sample, (b) connection of the devices to the digital ground tester, and
(
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t
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c) digital thermometer used to read electrical resistivity.

nternal moisture, which is affected by this parameter, was
etermined by the previously prepared smaller-scale samples
ith dimensions of 0.1 × 0.1 × 0.2 m,  demonstrated in Fig. 3a

nd b. These prototypes served as a means to calibrate the
quipment and guide the real-scale process.

The fire resistance tests were performed in itt Performance
echnological institute, at Unisinos (University of Vale do
io dos Sinos), in Brazil. The concrete plates were installed
n a movable metal frame with dimensions of 3.15 × 3.00
Please cite this article in press as: Manica GC, et al. Influence of curing tim
Res Technol. 2019. https://doi.org/10.1016/j.jmrt.2019.12.081

 (Fig. 4a). The plates were cured on the frame and were
ttached to the vertical furnace (Fig. 4b) on the day of test-
ng. The furnace had a fire-exposure area of 2.50 × 2.50 m
and used gas burners. Fig. 4c depict the wall attached to the
furnace.

The test followed the standard time–temperature curve
described by ISO 834-1 [20]. To seal the system and bind the
plates, fire-resistant sealant was used to preserve airtightness
and thermal insulation.

The test method followed NBR 10636 [21], ASTM E119 [22],
AS 1530 [23] and BS 476 [24]. During the test, three criteria were
evaluated: (a) thermal insulation, (b) smoke and airtightness
e on the fire performance of solid reinforced concrete plates. J Mater

and (c) structural stability. The walls were tested without load-
ing due to the real use of the concrete plates in the buildings,
so that they have exclusively the sealing function.

https://doi.org/10.1016/j.jmrt.2019.12.081
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Fig. 3 – Detailing of small-scale prototypes to determine resistivity of real-scale.

ssem
Fig. 4 – Sample a

The fire-resistance rating (FRR) was then determined based
on these requirements. Whenever one of these requirements
was not met, the test would be halted, with the exception of
thermal insulation. It was possible to identify cracks on the
external face of the samples with the aid of a thermographic
camera.

Regarding thermal insulation evaluation, 9 thermocouples
were placed on the unexposed face of the walls. As per BS 476
[24], the sample fails to meet this requirement when the arith-
metic mean of the external temperature surpasses 140 ◦C, or
individually if any thermocouple surpasses 180 ◦C, whichever
occurs first. As for airtightness, failure occurs when there is
a crack or opening that allows the passage of hot gases and
smoke, hence setting ablaze the cotton wad. The structural
stability requirement refers to the total or partial collapse of
the samples. Deformations were assessed every 10 min  with
the aid of a laser measuring tool positioned on the center of
the wall.

The sample was continuously monitored by type K ther-
mocouples with 1.5 mm (0.0015 m)  of diameter on the
fire-exposed face, and type T thermocouples with 0.7 mm
(0.0007 m)  of diameter on the unexposed face.

3.  Results  and  discussion

Every wall was exposed to fire for 240 min. Table 4 demon-
Please cite this article in press as: Manica GC, et al. Influence of curing tim
Res Technol. 2019. https://doi.org/10.1016/j.jmrt.2019.12.081

strates the standard requirements of thermal insulation,
airtightness and structural stability managed during the test,
along with the displacements measured at the center of the
samples.
bling procedure.

It should be noted that W6 attained an FRR lower than
that of W5,  despite its longer curing time. This result can be
explained by the decrease of porosity, due to cement hydra-
tion and the consequent filling of concrete voids, changing
the structure of the pores of the paste [25]. This suggests that
there is a heat transfer mechanism that stands out among
the others, which is thermal conduction. Fig. 5a and b show
the temperature evolution of each thermocouple positioned
on non-fire face during the test of samples W5  and W6,  respec-
tively, where the green line is the thermocouple average failing
temperature, the blue line is the individual failing tempera-
ture

Some references state that, in concrete with less porosity,
heat transfer by thermal conduction is intensified, thus miti-
gating the mechanisms of radiation and convection. Rigão [26]
and Gil et al. [27] highlights that thermal conductivity depends
on the density of the materials of the mixture. In case of lower
void ratios, then the structure will have greater thermal con-
ductivity values. It is also known that thermal conduction
makes heat flow more  rapidly along the material than the
mechanisms of radiation and convection, which do not occur
in solid mediums, as per Rosemann [28]. Due to the major
action of heat transfer, the thermal insulation of concrete is
negatively influenced, as noted.

Therefore, because W5 and W6 did not exhibit spalling and,
consequently, a loss of wall thickness, the heat transfer mech-
anism was not accelerated. Thus, the porosity of the walls is
a significant factor to analyze the thermal insulation of the
e on the fire performance of solid reinforced concrete plates. J Mater

samples. Because W6  had a much longer cure time than W5,
it obtained a higher degree of hydration and smaller poros-
ity, allowing heat transfer to occur faster. Fig. 5 corroborates

https://doi.org/10.1016/j.jmrt.2019.12.081
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Table 4 – Comparison between fire resistance tests.

Wall Testing age
(days)

Thermal
insulation (min)

Airtightness
(min)

Structural
stability

Displacement
measured  (m)

W1 7 104.0 240 Unaffected 0.045
W2 14 86.5 240 Unaffected 0.060
W3 28 97.5 240 Unaffected 0.072
W4 56 95.5 240 Unaffected 0.078
W5 84 123.5 240 Unaffected 0.069
W6 830 91 240 Unaffected 0.079

Fig. 5 – Temperature evolution durin

Table 5 – Magnitude of spalling and resistivity.

Wall number
Severity levels of spalling

Resistivity (�m)

In area (m2) In percent (%)

W1 1.64 26.25 72.8
W2 2.72 43.49 93.2
W3 0.54 8.61 310.7
W4 0.38 6.07 506.2

t
t

a
d
d
m
t
c
d
t
s

s
u
p
f
c
w
i
o
a
l

W5 0.00 0.00 644.0
W6 0.00 0.00 1048.1

his analysis due to the steeper increase in the non-fire face
emperature of W6  compared to W5.

In general samples with longer curing ages showed smaller
reas of spalling. After 84 days of curing, concrete spalling
id not occur, owing to the higher degree of hydration that
ecreases free water. This result is in consonance with the
ain references that study the phenomenon, which evidence

hat, in laboratory fire resistance tests that revolve around con-
rete samples, prototypes with curing age of more  than 90
ays may disregard spalling [1]. This is therefore stressed in
he results shown in Table 5, which discloses the degree of
palling and its correlation with resistivity.

As for the 7-day old plates, most of the water that inten-
ifies spalling suffers from low cement hydration and ends
p presenting greater interconnectivity between cement paste
ores. This fact made it easier for water to evaporate and was
ollowed by severe spalling due to the low tensile strength of
oncrete at that age. At 14 days, cement hydration was higher,
ith an interlacing of cement hydration crystals yielding less

nterconnectivity between pores, which, despite the amount
Please cite this article in press as: Manica GC, et al. Influence of curing tim
Res Technol. 2019. https://doi.org/10.1016/j.jmrt.2019.12.081

f free water that remained, underwent higher spalling than
t 7 days. At 28 days, the degree of hydration and the inter-
acing of hydrated cement crystals was even higher, although
g the test of (a) W5  and (b) W6.

the smaller amount of free water that remained ended up
hindering spalling. This line of thought justifies the perfor-
mance of older plates, showing that high cement hydration
and presence of free water are fundamental to comprehend
the phenomenon, and that they can be ignored at ages above
84 days.

Fig. 6a–f demonstrate the overall appearance of the sam-
ples that were tested, whereas Fig. 7a–e f comprise the
thermographic images at 15 min  of testing, when most of the
samples presented large cracks. The maximum temperature
recorded, as shown in Fig. 7, on W1 was 64 ◦C, W2  was 81 ◦C,
W3  was 76 ◦C, W4  was 76 ◦C, W5  was 62 ◦C and W6 was 64 ◦C.

The resistivity reading for concrete plates presented results
that were coherent with the bibliography. Shekarchi et al.
[29] even affirm that electrical conductivity is related to the
number of ions dissolved in the water present in the intercon-
nected pores of the paste. Therefore, with smaller moisture
contents as a result of the curing time, the system provides
less water for the electrical conductivity phenomenon and
ends up producing higher resistivity values.

There was a difference of 217.5 �m between the sample
with 14 days and the one with 28 days of curing owing to the
cement paste being more  intensely hydrated. At the first ages,
namely 7 and 14 days, resistivity was low, leading to the higher
spalling levels of walls W1  and W2.  There was also a significant
increase of resistivity for the sample with 28 days of curing,
which is noted by a peak of same magnitude in the spalling
measured.

4.  Conclusions
e on the fire performance of solid reinforced concrete plates. J Mater

The performance of concrete plates under high temperatures
is influenced by spalling, as plates that undergo higher levels
of it also achieve shorter thermal insulation times. Spalling

https://doi.org/10.1016/j.jmrt.2019.12.081
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Fig. 6 – Appearance of wall (a) W1,  (b) W2,  (c) W3,  (d) W4,  (e) W5 and (f) W6.

1,  (b
Fig. 7 – Thermographic images of (a) W

is related to the degree of hydration of cement, justified by
the presence of free water in the pores, even though internal
moisture tends to decrease, thus decreasing free water in the
pores at more  advanced ages. Still, moisture content should
not be treated as the sole factor that has effect in the analysis
of spalling of reinforced concrete elements subjected to high
Please cite this article in press as: Manica GC, et al. Influence of curing tim
Res Technol. 2019. https://doi.org/10.1016/j.jmrt.2019.12.081

temperatures.
At 7 days, low mechanical strength and high interconnec-

tivity between concrete pores, both of which result from the
) W2,  (c) W3,  (d) W4,  (e) W5 and (f) W6.

low interlacing of the paste’s hydrated crystals, seem to be
the most relevant factors. At 14 days, the spalling caused by
the degree of hydration of cement seems to be the main fac-
tor regarding thermal insulation. After 84 days of curing, the
phenomenon of spalling can be disregarded from the anal-
yses because some of the conditions required to trigger this
e on the fire performance of solid reinforced concrete plates. J Mater

phenomenon are no longer in effect.
Electrical resistivity may become a suitable tool to measure

the likelihood of spalling for prototypes of concrete exposed

https://doi.org/10.1016/j.jmrt.2019.12.081
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o high temperatures, presenting variation that are apparently
nfluenced by the materials that compose concrete. Thus, as
he measured electrical resistivity values increase, the prob-
bility of spalling may decrease due to the lower moisture
ontent and, consequently, provide a better fire performance
f the structure.
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