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Abstract: Concrete permeability is related to pore connectivity and measures the flow rate of
gases and liquids through the concrete under a pressure gradient. Information about concrete
permeability - both in ordinary environmental conditions and after the exposure to high
temperature - is, therefore, badly needed to better understand fluid transport in concrete, with
specific reference to high temperature. In fact, permeability influences concrete spalling in fire
by favoring pore-pressure build-ups during the heating process. In this research project, two
different procedures are adopted to carry out permeability tests on concrete specimens either
unloaded or preloaded during the heating process. The results show that concrete permeability
strongly depends on crack width and orientation, both are affected by the axial compression or

radial confinement.
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1 Introduction

Fire spalling of concrete is a complex phenomenon, which might occur due to pressure build-up
in the pores and thermal and load-induced stresses (Zhukov [1], Khoury and Anderberg [2],
Miah et al. [3]). Miah et al. [3] showed that the loaded concrete specimens (B40-1I and B40-III)
are more likely to spall than unloaded specimens, with increasing amounts of spalling for higher
values of applied load (uniaxial and biaxial loads). Interestingly, it was found that the fire
spalling behavior of concrete slabs in unloaded conditions (0 MPa) and under a very low biaxial
load (0.5 MPa, parallel to the heated face of the slab) can present two different scenarios. In the
first case, no spalling has been observed in the unloaded specimen. In the second one, a uniform
erosion extended to the whole heated area has been observed, for an average spalling depth of
12 mm. These results demonstrated that very low biaxial compressive loading can influence the
fire spalling behavior of concrete, even though 0.5 MPa stress is very small compared to the
compressive strength of concrete (51 MPa at the day of the fire test). This higher spalling
behavior could not be explained only by the higher stresses (induced by the higher external
load) but also by the higher pore pressure induced by a lower damage state and permeability
(Felicetti and Lo Monte [4] and Choinska et al. [5]). Felicetti and Lo Monte [4], by
implementing on the same biaxial fire tests an innovative technique based on ultrasonic pulse-
echo have shown that damage was significantly reduced when the slabs were loaded, even at a

very low biaxial stress (e.g. 0.5 MPa). Limited biaxial loads then can affect in a non-negligible
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way the thermally induced microcracking and then reduce concrete permeability at high
temperature.

Choinska et al. [5] showed that the permeability of concrete during heating up to 150 °C
under uniaxial compressive loading (stress levels lower than 80% of the peak stress) is smaller
than the permeability measured after unloading. Lion et al. [6] reported that the apparent
permeability, measured after cooling, was lower when confining pressure was increased from 4
to 28 MPa and this was more significant for the higher thermal load. Chen et al. [7] tested the
gas permeability of heat-treated mortars at four different levels of confining stresses (5, 12, 15
and 25 MPa). The authors observed that the permeability of mortars heat-treated above 400 °C
was sensitive to confining pressure and the intrinsic permeability decreased by up to 23% when
the confining stress increased from 5 to 25 MPa. Pei et al. [8] carried out longitudinal
permeability and porosity tests on normalized mortar under different levels of confining
pressure (5, 10, 20, 30 and 40 MPa). Their results showed that permeability decreases with the
increase of confining pressure and shows a greater sensitivity to confining pressure at higher
temperatures due to the closure of the cracks.

In order to gain a deeper understanding of the role of heating and loading on the permeability
of concrete and to provide more insight into the mechanism behind the fire spalling of concrete,
two ordinary concretes were tested. Residual longitudinal and radial permeability tests were
carried out in unloaded and loaded (i.e. confining pressure and uniaxial compressive load)
conditions on specimens. For an in-depth knowledge of the relationship between permeability
and fire spalling, the permeability tests were conducted on the same two concrete mixes (B40-11
and B40-III: fcogdays = 40 MPa) that have been studied in Miah et al. [3]. A more detail fire

behavior of these two concretes (B40-II and B40-III) such as fire spalling, thermal properties,



69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

mechanical properties, porosity, water absorption capacity and permeability in unloaded
condition were investigated in Miah [9], Mindeguia [10], Carré et al. [11] and Mindeguia et al.

[12-14].

2 Experimental investigations

2.1 Materials and concrete mix design

Two ordinary concretes, B40-II and B40-III, made respectively, with CEM II (CEM II/A-LL
42.5 R CE CP2 NF) and CEM 1II (CEM III/A 42.5 N CE CP1 NF) cements (NF EN 197-1:2012
[15]) have been investigated. The same mix design was used for both concretes; the only
difference is the cement type. The CEM II cement contains 85% of clinker, 12% of calcareous
fillers and 3% of slag, while the CEM III cement contains 54% of clinker, 3% of calcareous
fillers and 43% of slag. The compressive strength (fc) and splitting tensile strength (f;) of both
concretes were conducted according to NF EN 12390-3:2012 [16] and NF EN 12390-6:2012
[17], respectively, on cylindrical samples (diameter = 150 mm and height = 300 mm) at the age
of 28 and 90 days. Constituents and concrete properties at the fresh and hardened state are
reported in Table 1.

Table 1. Concrete mixture proportions and properties of hardened concrete

B40 Concrete Unity B40-II | B40-III
CEM IVA-LL425R CECP2NF (C) kg/m? 350

CEM III/A 42.5 N CE CP1 NF (C) kg/m? 350
Calcareous 8/12.5 gravel kg/m? 330

Calcareous 12.5/20 gravel kg/m? 720

0/2 siliceous sand kg/m? 845

Water (W) 1/m? 189

Water / cement ratio (w/c) 0.54

28 days compressive strength MPa 41.1 (36.4 — 46.8) 41.0 (36.1 —46.5)
90 days compressive strength MPa 50.9 (49.0 - 52.3) 50.4 (47.8 —55.3)
28 days tensile strength MPa 39@3.9-4.0) 3.83.7-3.9)
90 days tensile strength MPa 4.8 ((4.1-5.5) 43(4.0-4.7)
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2.2 Experimental programs, apparatus, and test procedures
2.2.1 Experimental program

Three different gas permeability tests were carried out in STAME and CSTB. Within the scope
of the study, a total of 40 concrete disc specimens were tested and about 200 measurements were
carried out, see Table 2.

Table 2. Summary of the experimental test program.

T [°C] 80 120 250 400 600 800
1) Axial permeability tests under radial confining
pressure (Pc = 0.3, 0.6, 0.9 and 1.2 MPa) after unloaded | 2/2 2/2 2/2 272 2/2 2/2
preheating

1) Axial permeability tests under P. of 0.6 MPa after

preheating under uniaxial loading (6 =0, 0.5, 1.5,3and 5 | - - - 22 - -
MPa)

ii1) Radial permeability tests under uniaxial loading (o =

06, 09, 1.2, 2, 3, 5 and 10 MPa) after unloaded | - 2/2 2/1 272 1/~ -
preheating

Note: X/Y denotes the number of tested specimens (X B40-II samples and Y B40-III samples).

2.2.2 Axial permeability tests under radial confining pressure after unloaded preheating

The residual axial gas permeability of concrete was measured on 150 mm diameter and 50 mm
thickness concrete disc (Fig. 1 right) using a Cembureau constant pressure permeameter (Fig. 1
left) (Kollek [18]). The concrete discs were cut from cylindrical specimens of 150 mm diameter
and 300 mm height using a diamond disc. Upper and lower discs were not used to avoid the edge
effect which could influence the measurements of permeability. The curved side of the specimen
was wrapped with aluminum foil tape to ensure a good seal and to prevent leakage of gas
through the curved side of the specimen in order that the flow occurs uniaxially through the

thickness of the specimen.
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Fig. 1. Details of the permeability cell (left) (Kollek [18]) and confining pressure (P¢) and axial

gas flow (right).

The permeability of concrete was investigated at room temperature after applying thermal
loads of 120, 250, 400, 600 and 800 °C at a slow heating rate of 1 °C/min. The slow heating rate
of 1 °C/min was chosen to limit undesirable thermal stress. After reaching the target temperature,
the temperature was stabilized for 28, 10, 6, 6 and 6 hours, respectively, for the temperatures of
120, 250, 400, 600 and 800 °C (Hager [19]) to reach a uniform temperature in the concrete. The
specimens were then cooled down to room temperature at a rate of lower than 1 °C/min inside the
closed furnace. The reference specimens were dried in an oven at the temperature of 80 °C until a
constant value of mass was reached (around 2 months) to evaluate water content.

To study the effect of confining pressure (perpendicular to the gas flow, Fig. 1 right) on the gas
permeability of concretes (B40-1I and 40-11I), four different levels of radial confining pressure (Pc
=0.3, 0.6, 0.9 and 1.2 MPa, see Table 2) have been investigated. This was achieved by increasing
the inflatable rubber tube pressure applied to the polyurethane rubber ring (Fig. 1 left). To ensure
that the lowest applied load (0.3 MPa) is sufficient to prevent leakage of gas through the curved
side, blank tests on an aluminum disc of the same dimensions (150 mm diameter and 50 mm
thickness) were performed at 0.3 and 0.6 MPa. No outflow occurred at these lower confining

pressures. Therefore, these blank tests demonstrated that the permeability test results of the
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concrete specimens were not affected by leakage through the curved side even when applying the
lower load value.

Nitrogen has been chosen as the neutral percolating gas. Three levels of pressure difference
AP (the difference between the injection pressure Pi; and the atmospheric pressure Pam) were
chosen depending on preheating temperatures in order to determine the intrinsic permeability of
concretes according to the Klinkenberg’s approach (Klinkenberg [20]). Inlet pressures were

applied and maintained until gas flow stabilization.

2.2.3 Axial permeability tests under radial Pc of 0.6 MPa after preheating under uniaxial loading
The test method was similar to the test method described in previous section 2.2.2. The
difference was that the specimens were preheated under a constant uniaxial compressive loading
(Fig. 2). The size of the specimens was same as described in section 2.2.2. Only one heating
temperature (400 °C) was studied and the permeability tests were performed with one confining
pressure (P = 0.6 MPa). Prior to heating, all the specimens, as well as both concrete supports,
were ground in order to obtain two faces (upper and lower faces) parallel and plane to ensure a
uniform stress distribution in the specimens. Before heating, the specimens were wrapped by
means of a heating blanket (Fig. 2b) and a thermal insulator made with ceramic wool (Fig. 2¢)
and was placed between both concrete supports in the compression testing machine. The
specimens were slowly heated (heating rate = 1 °C/min), stabilized for 8 hours, and then cooled
down to ambient temperature inside the heating device. The thermal insulator (i.e. ceramic wool)
ensure an appropriate increase of temperature during heating the specimens. Before heating, a
constant uniaxial compressive load was applied and then maintained constant during the heating

process, stabilization and cooling phases. Five different levels of uniaxial compressive stresses
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(0, 0.5, 1.5, 3 and 5 MPa) have been investigated on both concretes (B40-II and B40-III), see

Table 2.

— b
Thermo= i, |

coup e'1ﬂ> J

Ceramic
wool

Fig. 2. Sample preparation before preheating under uniaxial loading of the test specimens (a.
specimen and concrete supports — b. specimen wrapped in the heating blanket — ¢. specimen with

insulating wool).

2.2.4 Radial permeability tests under uniaxial loading after heating without any applied preload
The principle of this test was to measure the radial permeability by injecting the nitrogen gas
inside a hollow concrete cylindrical disc and then measure the radial gas flow of the specimen
(Fig. 3). The hollow discs had external diameter, internal diameter and thickness equal to 123, 52
and 50 mm, respectively (Fig. 3 right). The concrete hollow discs were cut from cylindrical
specimens of 150 mm diameter and 300 mm height using a diamond blade and, as in the
previously described test, ground in order to obtain two faces (upper and lower faces) parallel
and plane to ensure a uniform stress distribution in the specimens. The specimens were drilled in
order to obtain 123 mm in outer diameter as well as to have better gas transfer, by avoiding the

edge effect, through the radial sides during the permeability test. The inner diameter is 52 mm
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and the thickness 50 mm. The top and bottom faces of the specimens were sealed with aluminum
foil tape to prevent leakage of gas along the interface (Fig. 3 right). The heating rate and the
temperature levels were same as described in section 2.2.2.

In a similar way than the 2 methods described before, a constant relative pressure of the gas AP
(the difference between the absolute injected pressure P; and atmospheric pressure Pam) is applied
until the gas flow through the material is stabilized (permanent regime). The sample is placed in
the permeameter cell between two metal plates (Fig. 3). The bottom plate is perforated in order to
allow injecting the nitrogen at the bottom surface of the sample at a pressure P;. The diameter of
the plates is adapted for centering the cylindrical specimen. The nitrogen pressure is regulated by
means of a controller and measured with the pressure sensor. In order to ensure a radial gas flow
through the specimen, a circular rubber (Fig. 3 left) seals the connection between the specimen
and the press plates. A minimal load (0.6 MPa) was applied on the specimen to maintain the good
contact between the metal plates and the specimen faces by pressing the circular rubber joints.

In this device, the flow rate is measured upstream of the specimen by a mass flow meter, that
converts a mass flow into a normalized volume flow. Flow and pressure measurements can be
monitored in real time to control flow stabilization. In this testing setup, a time between 10 and 15
minutes is required for the gas flow to reach steady state conditions. Through flow measurement,

the intrinsic permeability is determined by the Klinkenberg method (Klinkenberg [20].
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Fig. 3. Schematic diagram of the radial permeability test under uniaxial loading device left) and

sample geometry (right).

The radial permeability measurements are carried out as part of a radial flow of the gas in
steady state. The apparent permeability of a specimen is determined from Darcy's law applied to
a laminar flow of a compressible fluid (gas). Thus, the apparent permeability K, [m?], based on a
measurement of the upstream volumetric flow rate Q; [m?/s] at injection pressure Pi (Pa), is

given by the following relationship (Choinska et al. [5]):

QiPjuln (rr—f)
a~ mh (Piz_ P;tm)

(D
where: pu [Pa.s] is the dynamic viscosity of the inlet gas used (nitrogen), Pam [Pa] is the
atmospheric pressure; r1 [m], r> [m], h [m] are the inner radius, outer radius, and height of the
cylindrical specimen respectively.

Before the test, a minimal compressive stress of 0.6 MPa was applied. This low load ensures
the tightness of the permeability cell and then leads only to a radial gas flow. The value

determined under the lower value of 0.6 MPa (equal to the preload compression stress) is assumed

to be the reference permeability for this test. To study the effect of uniaxial compressive loading
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on the radial gas permeability of concrete, seven different levels of compressive loading (0.6, 0.9,

1.2,2,3,5 and 10 MPa, Table 2) have been investigated on both concretes.

3 Experimental results and discussion
3.1 Effect of radial confining pressure on the residual axial gas permeability of concrete

The residual axial intrinsic permeability (Kin) of concrete specimens subjected to different
preheating temperatures at different levels of radial confining pressure (Pc) is shown in Fig. 4a.
For an in-depth analysis of the influence of radial confining pressure on the axial permeability, it
is worthwhile to study the variation in permeability, normalized with respect to the reference
value of confining pressure, i.e. Kint (Pe)/Kine (Pc = 0.3 MPa) (Fig. 4b). In Fig. 4, the lines

represent the average value and the vertical line represents the range of data.

_IEI 11—
& 1E-12 |
£ 80°C
g 1E13 - 120°C
g j 250°C
= 1E-14 400°C
= |
£ 1E-15 -
w
8 ‘ 2 4
£ 1E16 - e BN
= 0
2 Bt b

—_— 0o+——+ : me—md

0 200 400 600 800 1000 0.2 0.4 0.6 0.8 1 1.2 14

a) Temperature [°C] b) Confining pressure, P, [MPa]

Fig. 4. Axial intrinsic permeability of concretes under different levels of confining pressure as a

function of temperature (a) and normalized permeability versus radial confining pressure (b).

In Fig. 4a, it can be seen that as the temperature increased, the permeability increased with
higher increments at the higher temperatures (note that the figure is in logarithmic scale for the
permeability). Between 80 °C and 120 °C, rather sharp increase of axial permeability was

observed for both concretes. This behavior was observed by Kalifa et al. [21] in the temperature
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range between 80 °C and 105 °C. This behavior could be due to accessible pore volume caused
by the removal of the free water and the physically bound water that was not withdrawn at 80 °C.
Above 400 °C, the increase of the permeability may be attributed to the development of cracks
mainly caused by the thermal incompatibility between the cement paste and the aggregates
(Kalifa et al. [21]), since at high temperature the cement paste shrinks due to dehydration, while
the aggregates dilate due to their thermal expansion. This mismatch induces tensile stresses in
the matrix and compressive stresses in the aggregates which in turn can lead to cracks formation.
In Fig. 4b, the experimental results showed that the axial permeability of 2 concretes (B40-II and
B40-III) decreased with increasing radial confining pressure (P. perpendicular to the gas flow,
Fig. 1 right). It can be seen that the residual permeability after preheating at 80 °C and 120 °C
are hardly sensitive to confining pressure. This can be explained by the lower amount of
microcracks and cracks induced by the lower preheating temperatures. On the contrary, these
effects are more pronounced when the preheating temperatures are higher (e.g. at 600 °C and 800
°C). It is important to notice that, as previously mentioned, the decreased trend of permeability
with increasing redial confining pressure is not due to leakage of gas, since no outflow occurred
at confining pressure starting from 0.3 MPa during the blank test. This behavior should be
attributed to the partial closure of heat induced microcracks and cracks (parallel to the gas flow)
located at the aggregate-cement paste interface and through the aggregates. Indeed, the cracks
perpendicular to the applied compressive stress (here stress due to confining pressure) close (Pei
et al. [8]) while those parallel to the compressive stress tend to open (Mindeguia et al. [22],
Huismann et al. [23] and Ring et al. [24]) (Fig. 5a and 5b). Fig. 5 is a schematic diagram
showing the crack width changes with the effect of temperature and mechanical loading.

Though, no measurement of crack openings were carried out on the tested samples, the
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development of cracks presented in Fig. 5 is in good agreement with the permeability
measurements and the results presented in Choinska et al. [S]. Crack width changes with
temperature depend on concrete mixes and can be largely dependent on the nature of
aggregates. As an example, crack widths of concretes containing flint aggregates are larger than
most of other concretes when exposed to temperatures higher than 300 °C (Hager [19]). From
the literature, it can be shown that the crack width of concretes heated at 300 °C and 400 °C can
be about 3 um (Huismann et al. [23]) and 10 pm (Kalifa et al. [21]), respectively. While Chen et
al. [7] observed that the crack width of mortars heated at 400 °C can be about 2 to 5 um.

Interestingly, a sharp decrease of permeability can be seen when the confining pressure was
doubled (P. = 0.6 MPa) than the reference pressure (P. = 0.3 MPa). At the higher temperatures
(600 °C and 800 °C), when the confining pressure continues to increase beyond 0.6 MPa, a lower
decreasing rate of permeability is observed, and the permeability tends to stabilize. Fig. 4b
suggests that, when temperatures are lower than 600°C, the crack closure and the decrease in
permeability could continue if the confinement would have been increased beyond 1.2 MPa
(which was the limitation of the test device). The presented results are in good agreement with
the results reported in the literature even though most of the studies have been carried out at
confining pressures that are much higher than in our tests (Lion et al. [6], Chen et al. [7] and Pei
et al. [8]).

Fig. 4 allows us to compare the axial gas permeability of B40-II (3% of slag) and B40-III
(43% of slag). It can be observed that the permeability of B40-III is higher for all the
temperatures under 0.3 MPa confining pressure. The permeability difference between 2

concretes decreases when confining pressure increases.

Before permeability tests (i.e. during heating) | During permeability tests

13
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Fig. 5: Schematic diagram of the crack patterns and their effect on heating and different loading

conditions (Note: L = perpendicular, // = parallel).

3.2 The effect of uniaxial loading during heating-cooling on the axial gas permeability of concrete
The residual axial intrinsic permeability of the B40-II and B40-III concrete specimens
subjected to preheating (400 °C) under different levels of uniaxial compressive loading is

presented in Fig. 6a. In the diagram, the lines represent the average value and the vertical line

14
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represents the range of data. In this experimental test campaign, an increasing trend of intrinsic
axial gas permeability was observed with the increased uniaxial compressive loading (parallel to
the gas flow) applied during the heating-cooling phases. Interestingly, a higher increase of
intrinsic axial gas permeability was observed in the specimens which were loaded at low
compressive loading (0.5 MPa). These results show that very small compressive loading can
influence the axial gas permeability of concrete, even though 0.5 MPa stress is very small
compared to the compressive (fc) strength of concrete (f. = 50 MPa at the day of the tests, see
Table 1). It is to be noted that the heating of the specimens were carried out at 90 days. This age
was chosen because at 28 days, the hydration of blended cements, as cements containing slags, is
not completed and because 90 days is the advised age for laboratory tests in order to study a

stabilized concrete with regard to its main properties (e.g. compressive strength).

E 1E-13 1
s . i LR
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2 —B40 11 Ly s
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¢) B40 I1I (5 MPa)

Fig. 6. Residual axial permeability measured after preheating under different levels of uniaxial

compressive loading (a) and image of cracks parallel to the loading direction (¢ = 5 MPa) (b-c).

When concrete is heated under a constant uniaxial compressive loading, its longitudinal strain

is reduced. This reduction is mostly induced by transient thermal strain (Mindeguia et al. [22]).
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By opposite, radial strains tend to be higher. This is mainly explained by the formation and
opening of cracks parallel to the loading direction (Mindeguia et al. [22], Huismann et al. [23]
and Ring et al. [24]) (see Fig. 5¢). The evidence of cracks parallel to the loading direction after
heat treatment at 400 °C under uniaxial loading (5 MPa) can be clearly seen in Fig. 6b and 6c.
No similar cracking was observed in the unloaded specimens. These axial cracks explain the
higher axial gas permeability measured in these tests, since the injected gas flow was along the
compressive loading direction (Fig. 5d).

An important observation from Fig. 6a is that the residual axial permeability of B40-III (43%
of slag) is higher than B40-II (3% of slag) in all the temperatures, which is in good agreement
with the former tests that have presented in section 3.1 and Miah et al. [25].

3.3 The effect of uniaxial loading on the residual radial gas permeability of concrete

Fig. 7a presents the residual radial intrinsic permeability (Kint) of concretes (B40-II and B40-
III) depending on uniaxial compressive stress. The relationships between the normalized
permeability and the uniaxial compressive stress are shown in Fig. 7b. It can be seen that in Fig.
7b, at lower temperatures (120 °C and 250 °C), permeability decreases when applied
compressive stress increases, while at higher temperatures (400 °C and 600 °C), the permeability
decreases up to a certain level of load, after that stabilizes and then increases when the
compressive stress increases.

In general, the trend presented in Fig. 7b clearly indicates distinct phases in the variation in
radial permeability with the load. First, permeability decreased with the increasing applied
compressive loading (for all temperature levels). This phenomenon is attributed to the partial
closure of heat-induced microcracks and cracks (perpendicular to the load) caused by the

increase in the applied compressive loading (Fig. 5f). It appears between 0.6 and 5 MPa for the
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heating at 120 °C and 250 °C, between 0.6 and 2 MPa for 400 °C and between 0.6 and 0.9 for

600 °C.
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Fig. 7. Effect of uniaxial compressive loading on the radial gas permeability of concretes.

Secondly, a very small change or even almost constant permeability was observed. The
observation in this phase can be explained by the counterbalancing of the cracks initiation and
cracks growth by the cracks closure. This phase is observable up to 5 MPa for 120 °C and 250
°C, between 2 and 5 MPa for 400 °C and between 0.9 and 1.2 MPa for 600 °C.

Finally, an increase in permeability was observed with the further increase of the
compressive stress. At 120 °C and 250 °C, the applied stress (10 MPa) is not sufficient to
observe increase of permeability due to additional mechanical damage. For B40-II specimens
heated at 400 and 600 °C, the phenomenon is observed above 5 and 1.2 MPa, respectively (Fig.
7b). Almost similar behavior was found for the B40-III preheated at 400 °C; The specimens
preheated at 600 °C were more damaged during heating. Hence, it was not possible to measure
the permeability due to the very fast gas flow.

The increasing permeability with increasing loads could be due to the extension of the
existing cracks, creation, and opening of new cracks (Bian et al. [26]) due to Poisson’s effect

(i.e. increase transversal deformation due to crack opening in the direction of the gas flow).

17



319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

As we have seen in sections 3.1-3.2 and in Miah et al. [25], B40-II (3% of slag) always
exhibited lower permeability than B40-III (43% of slag) in all the heating levels (Fig. 7a). We

then observe a good agreement among all the tests.

4 Concluding remarks
Permeability of concrete is one of the key parameters controlling internal fluid transfer; It
influences the magnitude of pore pressure within the concrete structure which in turn contribute
to the risk of fire spalling. It is worth noting, however, that the many studies have been
conducted on the permeability of concrete at high temperatures under unloaded condition, while
comparatively, there are few published data on the permeability of concrete subjected to heating
and mechanical loading or under confining condition. To this end, axial and radial gas
permeability tests were carried out on two ordinary concretes (B40-II and B40-III: fcogqays = 40
MPa) under different preheating and loading conditions. The permeability of concrete was
investigated at room temperature after applying thermal loads of 80, 120, 250, 400, 600 and 800
°C at a slow heating rate of 1 °C/min.
The main findings regarding the influence of heating levels, loading type and levels, and
cement type on the gas permeability of ordinary concrete can be summarized as follows:
I.  As temperature increases, gas permeability increases as well, and the higher the
temperature, the higher the increment.
II.  The residual axial permeability of concretes (B40-I and B40-III) after unloaded
preheating decreases with increasing radial confining pressure due to partial closure of
heat induced axial microcracks and cracks (parallel to the gas flow) located at the

aggregate-cement paste interface and through the aggregates.
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III.

IV.

VL

Compressive loading affects concrete residual axial permeability even at low stress levels
(i.e. 0.6 MPa) compared with concrete strength (fc = 50 MPa at the day of the tests) in
compression.

When specimens are heated under a given preloading, the residual axial gas permeability
of concrete increases with the increasing uniaxial compressive loading (parallel to the gas
flow) applied during the heating-cooling phases. This behavior should be attributed to the
formation and opening of cracks parallel to the direction of the compressive loading
applied during preheating.

At lower temperatures (120 °C and 250 °C), the radial residual permeability under
uniaxial loading after heating without any applied preloading decreases with increasing
uniaxial compressive stress. While at higher temperatures (400 °C and 600 °C), the radial
permeability decreases up to a certain level of load, after that stabilizes, and then
increases when the uniaxial compressive stress increases. Such behavior may be
explained by the combination of two competing effects, crack closing due to compressive
stresses and crack opening due to the lateral expansion (Poisson's effect).

Concrete permeability increases or decreases depending on the loading conditions and
becomes anisotropic. Hence, the stress state, by governing the orientation and opening of
the cracks is a key factor in controlling the transport of internal fluids (i.e. permeability)
and then directly triggers the build-up and magnitude of the pore pressure within the
concrete structure. Stress state has then 2 major roles on concrete fire spalling: (1) a
direct influence in the thermo-mechanical mechanism and (2) an indirect influence in
thermo-hydral mechanism by influencing the cracks opening and orientation and then, the

permeability.
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VII.  The permeability of B40-III (43% of slag) is higher than B40-II (3% slag) in all heating
and loading conditions. Even if pore pressure is not the only driving force of spalling,
these results (i.e. lower pore pressure due to higher permeability of B40-III at high
temperatures) tends to show that the studied B40-III concrete could be less sensitive to

fire spalling than B40-II concrete.
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