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ABSTRACT

Due to their low porosity high performance concretes are subject to spalling when exposed to
~ elevated temperature. The key parameter in spalling is permeability. In this work the evolution
of permeability and microstructure with temperature (up to 400°C) is studied. The important
increase in permeability (2 orders of magnitude) is correlated to evolution of fine porosity due
to dehydration up to 300°C, then to cracking that appeared between 300 and 400°C.

INTRODUCTION

Due to their high compactness and their low permeability, high performance concretes (HPC)
are used more and more in construction (high rise buildings, tunnels, bridges, nuclear power
plants). However, when they are subjected to high temperatures, such as during a fire or a
nuclear accident, these compact concretes, unlike ordinary concretes, may behave in a brittle
way. Sometimes we observe several centimetre thick concrete pieces scaling off. This is
important enough for Eurocode-2 to have reservations about the use of HPCs. This spalling
phenomenon was found on high performance concrete and mortar specunens, heated up to
250-400°C, even at slow temperature rates (1°C/min) [1-2].

One of the key parameters governing spalling is the material permeability which controls
fluid transfers. The main process at the origin of spalling is the establishment of high pressure
gradients in the porous network. As concrete heats up, there is an evaporation of the water
contained in the pores and the water freed following the dehydration reaction (beginning at
180°C). The lower the permeability, the higher the pressure. Furthermore, the knowledge of
concrete permeability is primordial to ensure the tightness of nuclear reactor vessels.

In spite of its importance, the permeability of HPC brought to high temperatures has not
been widely studied. It was reported that when concretes are heated, their permeability
increases because of the reduction in water content [3-4]. However, the permeability of
porous materials is not only defined by its water content but also by its microstructure, that is,
porosity, connectivity, pore size distribution and cracking. The study of the microstructure of
HPCs and ordinary concretes heated up to 600°C, shows a considerable increase in the total
porosity and in pore dimension [5-7]. The evolution of the microstructure was observed using
a Scanning Electron Microscope (SEM) on fractures of HPCs. A homogeneous degradation of
the structure of this material was found at.400°C [8], probably due to the dehydration
reaction, and cracks appeared at 600°C [9].
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-In-the-present-work;-an-analysis-was-made-of the-evolution-with-temperature-(up-to-400°C)-of
the intrinsic permeability of a high performance mortar in correlation with its microstructure.
The latter is characterised by total porosity, pore size distribution, density and opening of the
cracks observed with an optical microscope and a SEM.

SPECIMEN MANUFACTURING AND CONDITIONING

Our study was carried out on two mortars: a high performance mortar (HPM) and an ordinary
mortar (OM). 24 hours after the specimens (plates 160x120x40 mm®) were made, they were
demolded and placed in sealed bags for 90 days. The nominal compressive strength was
measured on specimens (40 mm)’ after being cured in water for 28 days. The composition of
both mortars, as well as their compressive strength are shown in Table 1.

HPM OM
Weight, g Weight, g

Calcareous sand 0/5 (Boulonnais) 633.6 -
Silico-calcareous sand 0/5 (Seine) 633.6 -
siliceous sand 0/2 - 1467.4
Cement : 818.4 488.4
Microsilica (S) 81.6 '
Admixture 14.4
Water 2184 244.2
w/{(c+S) 0.24 ' 0.5
R., MPa 105.4° 69,5 -

Table 1. Composition and compressive strength of HPM and OM

THERMAL TREATMENT

We measured the residual properties of heated materials that is after they were cooled down to
room temperature. The properties of the material brought to high temperatures are compared
with those of the material dried at 105°C. All thermal treatments, including drying, were
carried out until the steady mass state was reached, in order to ensure the same water content,
which we define as the dry state. The material was brought to the target temperature (105,
200, 300 and 400°C) in a ventilated electric oven at a rate of 0.2°C/min. The temperature then
remained constant for several hours (several days in the case of drying at 105°C) until the
specimen reached weight stability. The specimens were cooled in the oven at the same rate of
0.2°C/min. This low heating and cooling rate is meant to avoid internal stresses due to thermal
gradient. After heating, the specimens were kept in sealed bags containing silica gel to prevent
the material from re-humidifying.

MEASUREMENTS OF PARAMETERS

The permeability measurements were performed on cylinders of 54 mm diameter and 30 mm
thickness, drilled from the mortar plates. Each permeability value is the average obtained on a
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-~ minimumof 3 specimens. The variable pressure_permeameter developed at IN.S.A. of
Toulouse (France) was used (Fig.1). It is described in [10]. The coefficient of permeability is
calculated according to Darcy’s Law, for a laminar steady state flow through a porous
medium. The complete theory, taking the air compressibility into account is used [10]:
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hy —|- Vaive A - Specimen section;
] p1 -Specific weight of the
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Graduated scale hp - Initial water level;.

h(t) ——r1; h - Water level at time t;
Vo - Volume of air contained
Constant level between the base of the specimen,
water tank the valve and the initial water level.

Figure 1. Permeameter diagram

The total volume porosity was measured on cubes 40 mm per side, by water saturation under
vacuum. The experimental procedure is inspired by ISO Standard 5017: 1988. Each porosity
value is the average obtained on a minimum of 3 specimens.

The pore size distribution was obtained using mercury intrusion porosimetry (MIP). The
measurements were carried out on HPM cubes, 10 mm per side. With this method, pores
ranging between 10 and 0.004 pm were investigated. The diameter of pores D is calculated by
using Laplace’s Law and a model of cylindrical pores of equivalent diameter: :

40 cosO
g D=—TH— @
p .
where p is the corresponding mercury pressure, ¢ is the surface tension of the mercury and 6
is the contact angle for the mercury-air-concrete interface.

The damage of material was quantified using an optical microscope and a SEM, coupled
with an image analysis system. These observations require a surface preparation by polishing.
However, in a previous work, we found that, in the case of heated concretes, the polishing
modifies the structure [8]. Actually, because of the dehydration, the material’s structure
becomes crumbly and the polishing degrades the surface. To maintain the integrity of the
structure, the material was impregnated with epoxy resin under vacuum. The use of a
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fluorescent agent added to the resin, made it possible to highlight the cracks (Fig.5). Before
their characterisation, the specimens (18x18x10 mm?®) were polished down to 3 pm.

The crack images, taken with the fluorescent optical microscope, were thresholded by
image processing. The crack specific surface defined as the length of crack per unit surface
area was calculated by using the intercepts method [11]. The crack opening was estimated on
SEM images (Fig.6).

RESULTS AND DISCUSSION

After drying-at 105°C, HPM has a permeability one order of magnitude smaller than that of
OM (Fig.2). The permeability of HPM increases rapidly with temperature and at 400°C, it
gains 2 orders of magnitude. On the other hand the development of this property is less
pronounced in OM: at 400°C, the permeability increases by 1 order of magnitude. One notes
the small standard deviations on the measurements. The values of permeability and poros1ty
are reported in Table 2.

Temperature, Total porosity, % Permeability, 10™'° m®
°C MO MHP MO MHP
105 16.6610.06 14.271+0.46 0.9940.05 0.16+0.02
200 18.360.07 16.2710.54 1.2210.03 0.76+0.03
300 18.0440.08 17.0010.14 3.23+0.26 3.4010.25
400 19.65+0.50 17.2940.21 8.15+1.22 15.5+£1.92

Table 2. Evolution of permeability and porosity with temperature

The water porosity measurements show that at 105°C, HPM is more compact than OM
(Fig.3). We observe an overall increase in the porosity up to 400°C for both materials.
However, MO shows a slight decrease in porosity between 200 and 300°C. Since the data
dispersion is low enough, this tendency is attributed to an actual changes in the microstructure.
Similar results were obtained by Piasta et al [5] in the case of a cement paste (w/c=0.4). The
drop in the total porosity of the OM at 300°C is probably due to the re-crystallisation of
amorphous Ca(OH), and also to the additional hydration of the anhydrous which takes place
at 300°C under the so-called internal autoclaving conditions [5]. Piasta et al [5], with the aid
of X-ray diffraction, noted a considerable increase in the Ca(OH), in the hardened cement
paste (w/c=0.4) heated up to 300°C. This densification phenomenon is less pronounced in the
case of HPM because the quantity of Ca(OH), is smaller in concretes containing microsilica.
This is because the portlandite is consumed by the silica as part of the pozzolanic reaction, to
form CSHs. The drop in the quantity of Ca(OH), in concretes containing microsilica was
noted with the aid of X-ray diffraction [9] and by differential thermal analyses [7]. However as
Figures 3 and 4 show, this densification appears for the capillary porosity of HPM measured -
by MIP.

In the case of the OM, this development of total porosity has no direct influence on
permeability. Even though the porosity diminishes from 200 to 300°C, the permeability still
increases. This permeability evolution is probably due to the increase in a class of pores, which
modifies the connectivity of the network.

The MIP applied to HPM gives total porosity values which are about 2 times less than
those measured by water saturation (Fig.3). This points out a large volume of pores with
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diamneters less than 4 nm (the same size as the CSH gel pores), which are not accessible by this
method. So we found that the evolution of the total porosity of HPM up to 300°C is
essentially due to the increase in the volume of these fine pores, caused by the dehydration
which takes place from 180 to 300°C. This is because the volume of capillary pores, accessible
by MIP, does not evolve at 200°C and diminishes slightly at 300°C (Fig.3-4). The evolution of
the fine pores probably causes an increase in the network connectivity which, in turn, causes a
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Figure 2. Permeability versus temperature.
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Figure 3. Total porosity versus temperature
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rapid evolution of permeability. So we find that in the case of HPM, the evolution of the
permeability with temperature (up to 300°C) is not due to the evolution of the capillary
porosity, but to the evolution of the fine porosity.

The differential distribution curve of HPM pore diameters, drled at 105°C, indicates a large
population of capillary pores with diameter 30 nm (first peak) and another group of larger
pores, with diameter 400 nm (second peak) (Fig.4). At 200°C, there is not much evolution in
the diameter of the pores. The first peak diminishes at 300°C and increases again at 400°C.
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Figure 4. Disfribution of pore diameters in HPM.

Figure 5. Network of cracks in HPM, heated to 400°C:
a) observed through optical microscope; b) thresholded by image processing.
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Figure 6. Cracking of HPM, heated to 400°C, observed through SEM.

At 300°C, the second peak shifts toward the larger pores and at 400°C this zone becomes
more spread out. We also find an increase in the quantity of pores less than 6-7 nm. This
assumes a large volume of fine pores (of the size of the CSH gel pores) and confirms the result
obtained by the porosity measurements.

The observation of microstructure has shown that no visible cracking appears in the OM.
On the other hand, in HPM, from 300 to 400°C, we observe a homogeneous cracking of the
matrix (Fig.5-6). The cracks link and bypass the sand grains. The average specific surface of
the cracks, calculated by image analysis, is 0.02 um! (Fig.5b) and their opening varies from a
few tenths of a micron to 5-7 microns (Fig.6). On the pore diameter distribution curve, the
appearance of cracks is indicated by a flattened curve zone (Fig.4) from 0.1 to 5 pm. This size
corresponds to the opening of the cracks.

The appearance of the network of cracks in HPM from 300° to 400°C explains the rapid
evolution of permeability at those temperatures (Fig.2). '

CONCLUSIONS AND PROSPECTIVES

The purpose of this work was to study the effect of temperature on permeability and on the
microstructural characteristics of HPM. This provided us with the following results.

The evolution with temperature of the intrinsic permeability of HPM is greater than for the
OM. After the drying at 105°C, although HPM has a lower permeability than OM, at 400°C,
the reverse is true.

Up to 300°C, this substantial evolution of HPM permeability is due to the increase in the
volume of fine pores, following cement paste dehydration, and is not at all influenced by the .
evolution of capillary porosity.
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The case of OM makes it possible to point out that the total porosity cannot be considered

as the only parameter controlling permeability. Each category of pores may be responsible for
a change in connectivity, and therefore in permeability. In the present study, we found out in
HPM an increase of connectivity in gel pore size porosity up to 300°C, and in capillary size
porosity due to cracking at 400°C. '

The application of the resin impregnation technique allowed to highlight that severe
cracking appears in HPM from 300°C. The opening of the cracks varies from 0.1 to 7 pm.
This cracking is certainly responsible for the striking increase in permeability at those
temperatures. .

This experimental work constitutes the first step in our study. A model linking permeability
to microstructure and, in particular, to cracking is currently being developed.
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