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This study is an original contribution to the understanding of the hydraulic behaviour of cement-based
materials when subjected to temperature rises. Permeability is measured continuously during heating by
injecting inert gas into a sample at homogeneous temperature. Using a confining cell especially designed in
our laboratory, the sample is submitted to a constant heating rate, up to 200 °C, superimposed to hydrostatic
pressure (at ca. 5 MPa). In parallel with a normalised CEM II mortar (water-to-cement ratio (W/C) of 0.5), a
CEM V-cement-based concrete, used in nuclear waste storage applications, is studied. For normalised mortar,
gas retention is evidenced, depending on the sample size (scale effect), water saturation level Sw, and heating
rate. For dry normalised mortar, permeability may be divided by two during heating. In conjunction with
thermo-gravimetry analysis (TGA) results, such evolution is attributed to the dehydration of C–S–H around
150 °C. Indeed, mass loss after heat cycling is substantially higher than that due to free water release solely:
mortar loses structural, bound water during the process. For partially-saturated and long mortar samples, a
gas retention phenomenon is recorded when heating at a rate of ca. 4.9 °C/min. Our analysis is that free water
inside the macropores, as well as bound water released from the C–S–H, dilates or vaporizes, and obstructs
the interconnected porous network. Due to moisture clogging, no more gas is allowed through the material
pore network: a so-called gas retention phenomenon occurs. Most interestingly, although loosing structural
water like normalised mortar, yet over a wider temperature range, dry CEM V concrete displays good
temperature resistance, as its permeability remains constant during heating. For highly partially-saturated
concrete, a gas retention effect is recorded. As a conclusion, observed phenomena at the laboratory scale
testify of potentially strong gas retention effects upon engineering structures subjected to temperature
gradients over time. Indeed, quite low temperature rises (and heating rates) are able to induce moisture
clogging inside partially-saturated materials. It is also concluded that cement-based material composition,
i.e. bound water release ability, is influential in gas transport phenomena under temperature.

© 2009 Elsevier Ltd. All rights reserved.
1. Introduction

In the Civil Engineering area, concrete structures may be subjected
to unexpected high temperature rises, such as during fire accidents
inside tunnels [1,2] or buildings, which may have dramatic con-
sequences on the economic or even human grounds. Nuclear reactor
structures [3] and nuclear waste disposals also require extensive use
of cement-based materials. These may be subjected to temperature
rises as high as 250 °C in nuclear reactor vessels [4,5], or rather 100 °C
for nuclear waste storage, due to a long-lasting nuclear material
activity. In such applications, cement-based materials must provide
proper fluid confinement, even in the case of inner pressure build-up
[6].
: +33 3 20 33 53 52.
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Macroscopic phenomena related to concrete behaviour and
degradation under temperature have been extensively investigated
[2,7–11]. At the material level, high temperatures (above 100 °C)
affect irreversibly both elastic stiffness and material strength, those
being the signature, respectively, of thermal damage and thermal
decohesion [2,12]. Under temperature, crack initiation is generally
attributed to varied phenomena [8,13,14], and in particular to
increasing mismatch of dilation/shrinkage between paste and aggre-
gates, rigidity differences between cement paste and aggregates,
strength-weakening decomposition of cement paste hydrates, and
dehydration-induced cracks, the latter being attributed to thermal
mismatch of dilation/shrinkage among the different cement paste
hydration products [1].

At the structural level, the degradation of concrete exposed to high
temperature may lead to spalling i.e. to a brittle fracture of the heated
material surface [1,15]. This is more pronounced for high performance
concretes (HPCs) than for ordinary concretes (OCs), due to the former
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higher brittleness and also to the differences in pore structure
resulting from differences in mix designs, the solid matrix in HPCs
being usually denser than that of an OC. These may lead to complete
failure of the concrete structure [16]. As mentioned by Ulm et al. [2],
most authors agree that spalling results mainly from two physical
processes: (1) gas pressure build-up inside the porous network [16,17],
and (2) restrained thermal dilation close to theheated surface [3].While
pore pressure build-up triggers crack formation, crack propagation
and spalling rather result from thermal stresses release. According to
Bažant [3], potential energy release of compressive thermal stresses
occurs, whereas Anderberg [16] accounts, as the main failure cause, for
tensile stresses generated by two- or three-dimensional thermal stress
field distribution. More recently, Ulm et al. [2] and Msaad [11] describe
failure initiation as due to a combination of compressive thermal stress-
es and tensile stresses (generated by pore pressure increase) using the
Willam-Warnke yield criterion [18].

While it is essential to avoid spalling and complete collapse of
concrete structures, it is also vital to avoid radioactive fluid leakage
from concrete vessels or waste packages. In particular, hydrogen gas
may be produced within a nuclear waste storage tunnel, due to
radioactive waste decay, water radiolysis and humid corrosion [19].
In such cases, gas permeability evolution with temperature is a key
parameter [17]: low transport capabilities (i.e. proper radioactive
fluid confinement) may be assessed, as well as any tendency to pore
pressure build-up (i.e. assessment of potential spalling initiation).

At the microstructural scale of a cement-based porous material,
heating first results in free water drainage (i.e. water situated in the
macropores), and, from 90 °C onwards [20], in bound water drainage,
both stages being combined with pore network dilation (or shrink-
age) and even possible micro-cracking [21–23]. Despite micro-
cracking, relative gas permeability may become zero in some areas
[17], meaning that no gas is able to flow through the interconnected
pore network: a so-called gas retention phenomenon occurs within the
pore network. On the whole, combined effects of pore size variation,
liquid water dilation, water vapour formation or condensation, may
induce pore pressure build-up. This effect is emphasized whenever
gas is forced to flow through the material, so that a gas retention
phenomenon, also called moisture clog effect occurs [15].

In particular, pore pressure build-up is increased by high moisture
content, concrete density (essentially for HPCs), external compressive
stress state, and rapid temperature rise [16]. The lower the initial
permeability, the sooner a moisture clog is generated and the higher
the pressure build-up appears [15,17].

Complementarily to existing modeling investigations [2,4,7,10,11],
this study aims at identifying experimentally upon which conditions
the advent and duration of a moisture clog effect depends in presence
of a gas flow.While Kalifa et al. [17] impose a huge spatial temperature
gradient to a prismatic oven-dried concrete specimen (i.e. 800 °C on
one face of a 12 cm thick sample), the whole volume of our initially
dry or partially-saturated specimen remains at a homogeneous tem-
perature throughout the heat cycling test [24]. The sample is subjected
to a heating/cooling cycle at constant heating rate, simultaneously
to hydrostatic stress, in order to reproduce simplified in situ loading
conditions, e.g. in a nuclear material container mass. Hydrostatic
stress, at sufficiently high level as used here, also tends to close
existing micro-cracks and avoids opening any other. Heating rate is
varied only from 1cycle to the other. A quasi-stationary inert gas flow
passes through the sample as well, and gas permeability is recorded
continuously during heating. In the literature, see [25], permeability
identification with increasing temperature is available, yet by using
water and up to 100 °C only, so that potential interactions with the
interstitial fluid may occur, which the use of gas avoids. M. Lion et al.
[21] have used almost the same experimental set-up as ours. However,
their gas permeability measurements were performed at three
stabilised temperature levels only (at 25, 105 and 200 °C, each main-
tained for at least 8h) under constant confinement, without sample
temperature recording, and on an initially dry normalisedmortar (w/
c=0.5). Permeability appeared to remain almost constant up to
105 °C, whereas it increased significantly at 200 °C. As gas perme-
ability was not measured continuously, no decrease in permeability,
which could indicate the onset of a gas retention phenomenon, was
ever observed. Similar results are obtained by M. Choinska [26] upon
a uniaxially-loaded dry concrete used in nuclear reactor confinement
vessels, after up to 60 h temperature stabilisation, and up to 150 °C.
Nevertheless, preliminary studies by L. Montigny [27] have shown a
permeability decrease when heating up to 205 °C a dry industrial
concrete sample, in the first few hours before temperature
stabilisation.

The originality of the present contribution consists in evidencing
the moisture clog phenomenon through continuous gas permeability
measurements during heating, along with material temperature
recording. We also account for the influence of scale, saturation level
Sw, heating rate and cement-based material composition. Comple-
mentarily, thermogravimetry analysis highlights the cement paste
microstructural modifications with heating, which explain, for some
part, gas permeability steadiness or decrease.

2. Theory

2.1. Gas permeability identification under quasi-stationary gas flow and
isothermal conditions

The gas permeability measurement technique developed in our
laboratory for low permeability ranges (below 10−15 m2) has been
extensively described in [6,28]. In brief, a cement-based material
circular cylindrical sample is placed inside a triaxial cell at given
hydrostatic pressure Pc, and it is subjected to a stationary inert gas
flow along its height (axis →x ), see Fig. 1. Average gas volume flowrate
Qv is assessed by measuring the time Δt required to get a small
pressure decrease ΔP of chosen value, on the sample upstream side.
This is performed by closing the valve situated upstream of the buffer
reservoir and of the sample. By assuming quasi-static flow and perfect
gas state equation, Qv writes:

Qv =
VrΔP

PmeanΔt
ð1Þ

where Vr is the buffer reservoir volume, gas pressure is P1 on the
sample upstream side, P0=Patm on its downstream side and Pmean is
the average upstream gas pressure: Pmean=P1−(ΔP/2). Pipes volume
is considered negligible compared to Vr. In the following, P1=1.4 to
1.5 MPa and ΔP varies between 0.05 and 0.1 MPa.

Permeability Kx along sample height L is given by Darcy's law,
mass conservation and perfect gas state equation as:

Kx =
μQv

A
2LPmean

ðP2
mean−P2

0Þ
ð2Þ

where μ is gas viscosity. It is taken as 2.2×10−5Pa s at 20 °C for argon.
Eq. (2) provides apparent gas permeability. This means that Kx

may also incorporate gas molecule slippage along pore surfaces, i.e.
Klinkenberg effect, see Section 3.

2.2. Gas permeability identification under quasi-stationary gas flow and
non-isothermal conditions

All our tests are conducted during temperature increases of up
to 200 °C. Our methodology for evaluating Kx remains identical to
isothermal conditions, yet gas viscosity μ and volume flowrate Qv are
corrected. Indeed, the injected gas, although coming from a buffer
reservoir at 20 °C, is subjected to a temperature increase (T−T0)
when passing through the triaxial cell and through the sample which



Fig. 1. Experimental set-up used for continuous gas permeability tests under confinement and with increasing temperature (of up to 200 °C).
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is at uniform temperature T. This ismainly accounted for by adapting gas
viscosity to the current temperature T inside the sample according to:

μðTÞ = μðT0Þ
T
T0

� �0:72
withT0 = 300Kð = 27oCÞ ð3Þ

where T is expressed in kelvin and μ(T0)=2.283×10−5Pa s, see [29].
However, the porous solid may be partially water-saturated so that

heating up to 200 °C will induce free water vaporization, or it may
lose bound (structural) water. With increasing temperature, argon
gas flowing through the sample gets mixed with more and more
vaporized water, so that this phenomenon potentially alters the
flowing gas mix viscosity. Argon viscosity [29] varies between

μargonðT0 = 27oCÞ = 2:283 × 10−5 Pas

and

μargonðT = 200oCÞ = 3:05 × 10−5 Pas;

while water vapour viscosity [29] varies between

μWater vapourðT = 100oCÞ = 1:25 × 10−5 Pas

and

μWater vapourðT = 200oCÞ = 1:62 × 10−5 Pas

so that both are of the same order of magnitude. Finally, as water
vapour proportion in the gas mix is unknown whatever the tem-
perature above 100 °C, we have chosen to take into account only the
main flowing gas (namely argon) for gas permeability assessment,
given that both water vapour and argon have similar viscosities.

The second main modification is related to gas density variation
with temperature ρ(T).

Inside the reservoir constant volume Vr, temperature is assumed
constant at T0 throughout the test, so that mass variation Δm inside
the reservoir during time Δt writes:

Δm = QmΔt = ΔρVr ð4Þ

Δρ is the gas density variation due to mass flow throughout the
reservoir. Simultaneously, gas pressure inside the reservoir decreases
by ΔP during Δt, with ΔP lower by one (or two) orders of magnitude
than the average gas pressure Pmean evaluated during Δt: ΔP≪Pmean.
At constant temperature T0, the perfect gas assumption provides:

ΔP
Pmean

=
Δρ

ρmeanðT0Þ
ð5Þ

where ρmean(T0) is the average gas density at T0, evaluated during Δt.
Eqs. (4) and (5) provide mass flow rate Qm(T0) at the buffer reservoir
exit as:

QmðT0Þ =
ΔP ρmeanðT0Þ

PmeanΔt
Vr : ð6Þ

Gas flows from the buffer reservoir down to the sample, which is at
constant temperature T. Gas mass conservation between the buffer
reservoir exit (at temperature T0) and the sample upstream side
(at temperature T) imposes mass flow rate conservation, so that Qm

(T0)=Qm(T)=Qm. Mass flow rate Qm is related to volume flowrate
Qv(T) by: Qm=Qv(T)ρ(T). Moreover, no pressure decrease is assumed
to occur between the buffer reservoir exit and the sample upstream
side, so that the latter is at constant pressure Pmean, and the perfect gas
state equation writes there ρðTÞ = T0

T
ρmeanðT0Þ. Finally:

QvðTÞ =
T
T0

Vr ΔP
Pmean Δt

ð7Þ

Eqs. (2), (3) and (7) finally provide Kx(T) by replacing Qv with Qv(T)
and μ with μ(T).

2.3. Klinkenberg effect

While fluid viscosity is accounted for by Darcy's law, Klinkenberg
effect accounts for gas slippage along porous network surfaces. This
phenomenon is at the origin of a lower apparent permeability Kapp

with increasing gas pressure than the real (or intrinsic) material
permeability Kint: Kapp=Kint(1+β/Pm), where Pm=(P0+P1)/2 is the
average gas pressure through the sample (Pm≠Pmean).

In this study, most samples are partially-saturated i.e. partially-
filled with liquid water or water vapour, and otherwise, the dehy-
dration of cement paste phases with increasing temperature adds
water vapour through the porous network. Therefore, an accurate
evaluation of the Klinkenberg effect appears difficult, for it would
account for several combined phenomena, such as slippage at the
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solid pore surface and at the liquidwater surface, pore obstruction due
to liquid water presence, etc. For initially dry samples, Lion et al. [21]
have used long stabilisation times (8 h at least) at a constant given
temperature, so as to ensure that all water is removed from the
sample, prior to performing gas permeability tests and deducing in-
trinsic permeability Kint and Klinkenberg coefficient β. As this study
aims rather at identifying the moisture clog effect, Klinkenberg effect
assessment (and long stabilisation times at constant temperature)
have not been performed.
2.4. Relative permeability vs. absolute permeability

Due to the presence of several fluids (liquid water/water vapour/
argon gas) mixed together inside the porous network, gas permeability
measurements are rather relativepermeability evaluations than intrinsic
and absolute ones, as represented by the classical petrophysical two-
phase flow theory [30]. Nevertheless, for the sake of simplicity, it is
assumed in the following, that gas relative permeability assessment
method is not influenced by water presence, i.e. water and gas flow
are assumed uncoupled.
3. Experimental methodology

3.1. Materials

A normalisedmortar with awater-to-cement ratio (W/C) of 0.5 has
been made using normalised sand (from Leucate, France) and Type II
Portland cement referenced CEM II/B-M (LL-S) 32.5R. European
Standard EN 197-1/2000 describes this cement composition as
comprising 65–79% clinker, 21–35% calcite and 0–5% of secondary
constituents. This mortar is used for a wide variety of studies in our
laboratory, see for instance [31–35], and it may be easily reproduced
by other laboratories for comparison and/or further studies. Ulm et al.
[36] use a very similar (W/C)=0.5 model mortar, except that it is
composed of Type I Portland cement. On average, our mortar porosity
ϕ0 is of 12.9%±0.1, as evaluated by the ethanol saturation method,
while MIP measurements provide ϕ0=13.4%.

Industrial concrete with a water-to-cement (W/C) ratio of 0.48 is
also considered. It is studied in nuclear waste storage experimental
facilities by Andra (French Agency for Nuclear Waste Management)
[6,37]. This concrete is composed of Type V cement (referenced CEM
V/A), sand (0 to 4 mm), gravel limestone (5 to 12 mm) and of a
proportion of super-plasticizer, aimed at reducing water need and
representing 2.5% of the cement mass (i.e. SP/C=0.025). CEM V/A
cement comprises 60% clinker in mass, 22% blast-furnace slag, 14%
siliceous filler (i.e. fly ash) and 4% setting regulator, in compliance
with NF EN 196-4 European Standard. Concrete porosity is evaluated
by thewater saturationmethod at 14.2%±0.5, which is only 1% higher
than our normalised mortar. For radial gas permeability assessment,
M. Choinska [26] uses comparable concrete, made of calcareous
aggregates, CEM II/A cement and Glenium 21 super plasticizer.
Table 1
Sample length-to-diameter ratios, partial saturation Sw and mass loss Δm after all three hea

Sample No. 23 No. 16 No. 1
Material Mortar
Length-to-diameter ratio 1.85 1.85 1.86
Porosity ϕ0 (%) 12.9
Curing conditions Dry 6 months at 60% RH 3 m
Initial water saturation level Sw (%) 0 44.7 53.4
Free water mass before heat cycling (g) 0 5.67 6.83
Sample mass loss Δm (g) 3.66 8.93 10.6
(% initial mass) (−2.2%) (−5.1%) (−6
Final water saturation level Sw (%) 0 0 0
All samples are cored to 37 mm diameter, and cut to either short
length (ca. 35 mm) or long length (ca. 70 mm) in order to vary their
length-to-diameter ratio from about 0.9 to 1.8, see Table 1. Reference
dry material state is taken after oven-heating at 60 °C until constant
weight, in accordance with former experimental work performed
in our laboratory [21,31]. Such curing conditions aim at allowing
evaporation of free water from the macropores, without significant
effect upon calcium silicate hydrates (C–S–H) gel.

Alternately, samples have been partially-saturated, from an initial
fully water-saturated state, by placing them in an hermetic chamber
at 59.1% uniform relative humidity (RH) at 20 °C, using a NaBr salt
solution [28]. Partial saturation Sw is defined as:

Swð%Þ =
m60%−mdry

msat:−mdry
× 100 ð8Þ

where m60% is the specimen mass when placed inside the RH-
controlled chamber, msat. is the 100% water-saturated sample mass
(initial state). Samples used in this study have not been directly dried
to evaluate their dry mass mdry. Rather, additional 37 mm-diameter
and 70 mm-length samples have been oven-dried at 60°C until mass
stabilisation, and then weighed: mass lossmsat.−mdry represents 7.0±
0.2% of fullywater-saturatedmassmsat. for CEM IImortar, and 5.8±0.2%
for CEM V concrete. For mortar, Sw ranges from 44.7% for long sample
No. 16 to 53.4% for long sample No. 17, see Table 1. It is to be noted here
that the 59%RH-controlled curinghas been kept for 6 months for sample
No. 16, while sample No. 17 and sample No. 26 have been cured for
3 months only, so that their initial saturation rate Sw is higher. Yet mass
loss rates are similar, and very low for all samples: mass loss is of ca.
7 mg/day for mortar sample No. 16 after 6 months curing, whereas
samples No. 17 and No. 26 lose mass at a rate of 3 mg/day or 7 mg/day
respectively after 3 months curing. Concrete samples are either dry
(CEMV No. 1) or quite heavily partially-saturated (CEMV No. 2) with
Sw≈80%, see Table 1.

3.2. Experimental procedures

3.2.1. Permeability devices and measurement accuracy
Our triaxial cell, see Fig. 1, provides hydrostatic loading to the

sample by pressurizing hydraulic oil around it. Hydraulic oil is selected
so as to support both confinement at a constant pressure of 5.4 MPa±
0.2 and heating up to 200 °C without major viscosity or state changes.
Temperature is applied progressively to the oil using heating collars
placed around the triaxial cell shaft. Collar and oil temperatures are
controlled throughout the tests using a regulating systemwhich takes
temperature values from thermocouples placed inside the oil and
upon the collars. The triaxial cell is thermally-insulated in order to
limit heat loss. A K-type thermocouple passes through the triaxial cell
outlet pipe, so as to provide temperature of the specimen upper side,
with an accuracy of ±0.1 °C. Every second, upstream gas pressure P1,
and hence ΔP, are recorded using a KoboldTM manometer (full range
0–2.5 MPa) with an accuracy of 2.5kPa (i.e. 0.1% of the full range).
ting cycles.

7 No. 26 CEMV No. 1 CEMV No. 2
Concrete

0.92 1.6 1.6
14.2

onths at 60% RH 3 months at 60% RH Dry 3 months at 60% RH
50.8 0 79.6
3.33 0 7.36

8 3.64 0.40 7.33
.0%) (−4.1%) (−0.3%) (−4.6%)

0 0 ≈0
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3.2.2. Heating rates
For each sample, three successive heating cycles (20 °C→Tmax→20 °C)

have been imposed with increasing target temperatures Tmax of 60, 105
and 200 °C. Those have been set using the oil heat-regulation system (see
Section 1), and cooling is performed down back to 20 °C by simply
stopping collar heating after about 2 h stabilisation at target temperature.
Sample temperature evolutionvs. time is derived andprovidesmaximum
heating rate values of 1.41±0.10, 2.49±0.05 and 4.91±0.35 °C/min
during the stationary heating phase, for each of the three target
temperatures respectively, see Table 2. Such heating rates are in the low
range compared to those encountered during fire accidents of concrete
structures, see [2].

Temperature homogeneity inside the sample during heating has
been checked through a preliminary test, see [24]. A 65 mm diameter
and 50 mm height concrete sample has been equipped with five
thermocouples, three close to its surface and two in its bulk, and has
been subjected to three heating cycles (20 °C→Tmax→20 °C) up to
Tmax=50, 90 °C and 130 °C successively. Results show homogeneous
temperatures inside the sample, with only very small temperature
differences representing 0.25 °C at most between bulk and surface.
Oil and concrete average temperatures display greater difference: this
difference is of 3.75 °C after 2 h 45 min, when stabilisation at target
temperature 90 °C is reached.
3.2.3. Thermo-gravimetry analysis (TGA)
After drying at 60 °C until mass stabilisation, 150 to 300 mg pow-

dered or block mortar (or concrete) samples have been placed and
heated continuously inside a SETARAMTM microscale up to 800 °C at
a constant heating rate of 200 °C/h. Concrete samples have been taken
aside large aggregates so that the sample mass m is assumed solely
composed of cement, water and super plasticizer: m=C+W+SP.
The heating method is labelled as dynamic because no temperature
stabilisation is performed when a decomposition (i.e. chemical reac-
tion) begins [20]. Sample mass and temperature are recorded regu-
larly (f=1 Hz) from the microscale and from a K-type thermocouple
placed beside the sample. Mass loss is expressed in percentage of the
sample cement mass as:

%m = 100f1−fððmðtÞ−m0Þ4ð1 + W = C + SP = CÞÞ=m0gg;

where m0 is sample initial mass, m(t) is sample mass at time t, W/C is
water-to-cement ratio, and SP/C is super plasticizer-to-cement ratio.
W/C is equal to 0.5 for mortar and 0.48 for concrete; SP/C is equal to
zero formortar and to 0.025 for CEMV concrete. Normalisingmass loss
by the cement mass allows comparing directly mass losses between
different cement paste compositions, i.e. here between normalised
mortar and CEMV concrete. Moreover, d%m

dt
thermo-gravimetry deriv-

ative (or TGD) is computed analytically from the Naradaya–Watson
estimate of %m, which is a kernel smoother, and corresponds to a
signal processing method detailed in [38]. The micro-scale drift with
temperature is recorded through a test on a pure gold sheet sample; it
is subtracted from any record upon cement-based materials.
Table 2
Maximum heating rates are given for each sample and cycle, respectively up to 60, 105 and

Maximum heating rate (°C/min) No. 23 No. 16 No. 17
Cycle 1 (20 °C→60 °C→20 °C) 1.44 1.23 1.47
Cycle 2 (20 °C→105 °C→20 °C) 2.44 2.43 2.40
Cycle 3 (20 °C→200 °C→20 °C) 4.63 4.53 4.85

Each cycle has been successively applied to eachmortar sample Nos. 16,17, 23 and 26, and to c
the average (expressed in percentage of the average) are also provided.
4. Results and analysis

4.1. TGA results

As explained in [20,39] and evidenced in [40], the different phases
present in a cement paste, i.e. mainly C–S–H (and aluminates), then
(with decreasing proportion) portlandite, calcite, and ettringite, de-
compose during quite distinct temperature ranges when cement paste
is subjected to heating. A general agreement about those temperature
ranges is as follows [20]. Mortar is assumed subjected to a constant
heating rate up to 800–1000 °C (dynamic method). After free water
release up to around 100 °C, C–S–H (and aluminates) decompose from
105 °C (or 145 °C according to some authors [20]) and up to 400 °C;
portlandite Ca(OH)2 releases its water molecule from 400 °C to
600 °C; calcite CaCO3 releases a CO2 molecule from 600 °C and up to
800–1000 °C. When present in dry cement paste, ettringite decom-
position starts between 70 and 75 °C [40]. It leads to monosulfo-
aluminate formation, which in turn, leads to hydrogarnet and anhy-
drite formation above 85–90 °C [41,42]. It is to be noted that these
temperatures are notably modified in presence of liquid water [20,43].

In practice, the cement-based material is oven dried at 60 °C until
mass stabilisation (i.e. it is considered fully dried), cut to small blocks,
or powdered, and then placed inside the TG apparatus. After possible
free water release (or ettringite decomposition) at the heating onset,
roughly up to 105 or 145 °C, further water (or carbon dioxide) release
is assumed to be due to cement paste phases decomposition solely.
Complementarily, mass loss derivative peaks define the actual tem-
perature ranges during which the main chemical reactions (i.e. de-
compositions) occur.

For mortar, see Fig. 2(a), three significant mass loss derivative
peaks are as expected: one main decomposition, attributed to C–S–H
occurs at 150 °C, more exactly between 90 °C and 240 °C; Ca(OH)2
dehydration is around 440–450 °C, and calcite CaCO3 decarboxylation
is at 700–730 °C. Test No. 1 corresponds to lesser mass loss than Test
No. 2, the former been performed on small blocks, and the latter on
powdered material: the higher the material surface, the greater its
mass loss.

For CEM V concrete, see Fig. 2(b), very close results are obtained
from both tests upon powdered samples, and mass loss up at 400 °C
is slightly lower (by 7%) than that of powdered mortar, at a value of
6.7%±0.1% for mortar and 6.2%±0.1% for concrete. Yet, a significant
difference exists between concrete and normalised mortar TGA
results: for concrete, bound water loss above 105 °C spans over a
much wider range than for mortar. In particular, at 200 °C, where
our gas permeability measurements under hydrostatic loading end,
3.3%±0.1% cement mass have been lost by mortar, whereas concrete
has released 2.7%±0.3% cement mass only, which is lower than
mortar by 18%. Indeed, C–S–H decomposition is associated to several
smaller mass loss derivative peaks than for mortar, see Fig. 2(b). This
is interpreted as being due to differences of hydration and com-
position of the C–S–H, between CEM II mortar and CEM V concrete.
Indeed, for normalised CEM II mortar, the single mass loss derivative
peak for C–S–H decomposition may be associated to a single C–S–H
stoichiometry, and its amplitude is associated to reasonable bound
water release. On the opposite, fly ash and blast furnace slag in CEM V
200 °C.

No. 26 CEMV No. 1 CEMV No. 2 Average value (°C/min)
1.32 1.41 1.57 1.41±6.2%
2.35 2.65 2.67 2.49 ±4.5%
5.14 5.20 5.12 4.91±4.9%

oncrete samples CEM V Nos.1 and 2. Average values and associated absolute variation to



Fig. 3. Effect of the initial saturation rate for long mortar samples (a): Dry sample
No. 23; (b): Partially-saturated (Sw=44.7%) sample No. 16. Initial apparent gas per-
meability Ko is also given.

Fig. 2. TGA test results for (a): 60 °C oven-dried normalised mortar. The three main
mass loss derivative peaks correspond to the decomposition of C–S–H, Ca(OH)2, and
calcite CaCO3 respectively, with increasing temperature. (b): CEMV (w/c)=0.48
concrete. In both cases, mass loss derivatives are magnified 300×. Test results of two
different samples are represented for each material.
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concrete induce several mass loss derivative peaks, i.e. a more varied
C–S–H stoichiometry. Moreover, these peaks are of small amplitude
and each associatedmass loss also is, so that less water is released at a
given temperature by the CEM V concrete C–S–H phases, although
the total mass loss between 105 and 400 °C is similar for both mortar
and concrete.

According to C–S–Hmolecular structure, water content of a C–S–H
phase is closely linked to its calcium-to-silica (C/S) ratio. In the liter-
ature, stoichiometry assessment of natural C–S–H and hydrated
cement observations show that water stoichiometry decreases with
(C/S) ratio [44–46].

Ordinary Portland cement hydration leads to high portlandite
amounts in relation to a (C/S) ratio over 1.5–1.7 [45,46]. The presence
of mineral additions such as slag or fly ashes in blended cements such
as CEM V promote pozzolanic reactions and consume portlandite as
well as free or boundwater, in order to form C–S–H phases with lower
(C/S ratio) than in pure Portland cements. As the (C/S) ratio is lower,
the pozzolanic reaction engages a water reaction process. As a result,
water is boundmore closely to the structure. It is thenmore difficult to
dehydrate C–S–H compounds and release water from those solid
phases. In brief, less water is bound per C–S–H chemical formula, i.e.
less water is lost by each C–S–H between 145 and 400 °C than with
normalised CEM II mortar, although both lose globally equivalent
water amounts, as displayed in Fig. 2(a) and (b): water loss is much
more progressive for CEMV concrete than for CEMII mortar. This is in
favour of better gas transport abilities for CEMV concrete than CEM II
mortar when subjected to heating. This is thought to explain the
steadiness of dry CEMV concrete gas permeability with temperature
up to 200 °C, see Fig. 6(a), whereas dry mortar displays a clear per-
meability decrease above 150 °C, see Fig. 3(a). Similarly, as the
absence of significant mass loss derivative peak between 400 and
600 °C testifies, CEM V composition does not allow portlandite for-
mation, because the pozzolanic reaction transforms portlandite into
C–S–H phases. Rather, chemical reactions above 700 °C are of great
amplitude, and may be due to both calcite CaCO3 decarboxylation and
further C–S–H decomposition.
4.2. Mass loss after heat cycling

Sample mass has been measured before and after heat cycling, see
Table 1. As explained above, mass variation is due to free water release
up to 105/145 °C and C–S–H dehydration for higher temperatures.
Initially, dry mortar sample No. 23 is reputed exempt of free pore
water, yet its mass after heating cycles is significantly smaller than
before. This means that bound water loss occurred during heating.
On the opposite, for dry CEM V concrete sample, mass variation
(expressed as a percentage of its initial mass) is very slight, with a 0.3%
value only. Indeed, the dry CEMV concrete sample has been heated up
to 200 °C for a shorter duration than drymortar so that it had less time
to release bound water, all the more so as bulk material releases water
with more difficulty than powdered material as used for TGA analysis.
TGA results may therefore be considered as upper bounds for struc-
tural water release amounts. As expected, partially-saturated samples
all lose significant mass proportions, which may be a combination of
free pore water and bound water release. After heating cycles, mortar
samples have been stored at 105 °C for 4 weeks, so as to check for
potential further mass loss. Mortar samples No. 23, No. 16, No. 17 and
No. 26 lose respectively 0.22, 0.22, 0.27 and 0.16 g. Compared to their
initial mass and mass loss after heat cycles, these slight variations can
be neglected, which means that after heating cycles, no more free
water may be released from the porous network.



Fig. 4. Evidences of water vapour movements from the sample: (a) Water droplets are
systematically observed at the gas pipe outlet, during heating; (b) Injection pressure P1
increases with temperature for partially-saturated and long mortar sample No. 16.
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4.3. Initial and residual transport properties

Apparent gas permeability Kapp results are presented in Table 3.
As expected, prior to heating, Kapp values are greater for dry samples
than for partially-saturated ones, and the higher the saturation rate,
the lower the apparent gas permeability. Similarly, values of Kapp after
heating cycles are greater than before. This increase in Kapp is attrib-
uted to free water drainage in the porous network, and later, to bound
water drainage, rather than to micro-crack creation in the solid matrix
during heating, because a significant confinement (around 5 MPa) has
been kept constant throughout the tests, so that potential micro-
cracks would have remained closed, see [21].

Finally, after heat cycling, gas permeability of all mortar samples,
either initially dry or partially-saturated, is of the same order of
magnitude (i.e. 2×10−17m2), which testifies (at least) of extensive
freewater removal from initially partially-saturated samples. A similar
effect is observed for partially-saturated CEM V concrete sample: an
order of magnitude in gas permeability is lost due to heat cycling.

4.4. Gas retention effect for mortar

4.4.1. Dry material
For initially dry sample No. 23, see Fig. 3(a), a clear permeability

decrease is recorded from 146 °C and up to 200 °C, to such an extent
that permeability Kapp is almost divided by two at 200 °C; beyond
200 °C, Kapp increases back again up to its initial value K0. This phase
lasts for 2 h 05 min. From then on, permeability passes beyond K0 at
stabilised temperature (ca. 206 °C). For such dry material, perme-
ability decrease during heating cannot be due to free water inside the
macropores. Rather, TGA results show that C–S–H dehydration (and/
or ettringite decomposition) begins from 90 °C and potentially up to
more than 240 °C. Therefore, bound water release inside the inter-
connected pore network is very probably the origin of gas flow slack-
ening. Released bound water takes at least 2 h to get outside the
sample through the gas flow, until permeability gets back to its initial
value K0, and gets even higher, due to microstructural modifications
induced by this water release. To further assert this interpretation,
water drainage is observed as water droplets at the gas pipe outlet
from about 172 °C, see Fig. 4(a).

4.4.2. Water saturation effect
For both long partially-saturated samples No. 16 and No. 17, see

Figs. 3(b) and 5(a), a clear decrease in permeability Kapp is observed
up to about 60 °C during the first 2 cycles (up to, respectively, 60 and
100 °C), so that Kapp is divided down by two. Then permeability
increases back again up to values higher than K0, and the longer the
cycle duration, the higher the final permeability value. This perme-
ability decrease is attributed mainly to water dilation, so that pore
passages get narrower, rather than to solid skeleton thermal
deformations. Indeed, at such temperature levels, liquid water has
not begun to vaporize. Moreover, liquid water has a linear thermal
dilation coefficient α of about 2.6×10−4K−1, while, for cement paste,
α is of 11×10−6 to 16×10−6K−1 and α for most aggregates ranges
Table 3
Apparent permeabilities before and after heating cycles, occurrence and duration of gas
retention (or moisture clog) effect for each sample.

Sample K0=Kapp Kapp Gas retention effect

Before heating After heating cycles T° begin T° end Duration

(m2) (m2) (°C) (°C)

No. 23 1.8×10−17 2.5×10−17 None
No. 16 2.7×10−18 2.5×10−17 181.6 210.8 2h19
No. 17 6.1×10−19 2.1×10−17 143.5 207.8 4h42
No. 26 4.0×10−18 – None
CEMV No. 1 4.1×10−17 6.2×10−17 None
CEMV No. 2 4.8×10−19 5.1×10−18 20.6 105.0 1h20
from 5×10−6 to 13×10−6K−1 [47]. Therefore, water dilation has a
much stronger effect on pore passages to gas than solid skeleton
thermal deformations.

Residual permeability after heating/cooling cycles up to 60 °C or
105 °C has also been evaluated. For all partially-saturated samples
(Nos. 16, 17, 26 and even concrete CEM V No. 2), it is either higher or
lower than K0, i.e. residual permeability after 60 or 105 °C heat cycling
does not display any clear trend. After such cycles, capillary water is
still present inside the macro-pores, because cycle duration is rela-
tively short (about 3 to 5h each) and temperature levels are low. Our
interpretation is that freewater is not only partially released out of the
sample, but, as water pressurizes when trying to dilate due to heating,
it is also rearranged and redistributed inside the porous network, so
that gas may have more or less easiness to pass it after heat cycling,
i.e. residual gas permeability is either lower or higher than initially
measured. Chemistry of the water pore solution might also be of
influence when considering liquid water movements within the pore
network, yet this effect has not been investigated in the present work.

Usually, all along a heating cycle, gas flows regularly throughout
the sample, so that its injection pressure P1 decreases regularly of ΔP
during Δt, and permeability Kapp may be deduced from Eqs. (2), (3)
and (6). Instead, for long partially-saturated mortar samples Nos. 16
and 17, and during the third heating cycle (up to 200 °C), P1 increases
with temperature, see Fig. 4(b). For sample No. 16, this occurs from
181.6 °C and up to 210.8 °C and lasts for 2 h 19 min, see Table 3. This
increase in P1 means that no gas is able to pass the sample and gas
permeability becomes zero, see Fig. 3(b). We are in the presence of a
gas retention phenomenon, which is attributed to moisture clogging.
Moisture clogging refers to hindered gas flow in presence of water



Fig. 5. Effect of sample size for partially-saturated mortar samples (a): long sample
No. 17 (Sw=53.4%); (b): Short sample No. 26 (Sw=50.8%). Initial apparent gas per-
meability Ko is also given.

Fig. 6. (a): Dry concrete sample CEMV No. 1; (b): Partially-saturated concrete sample
CEMV No. 2 (Sw=79.6%). Initial apparent gas permeability Ko is also given.
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(liquid or vapour), so that it may be affected by both liquid content
(i.e. initial water saturation level Sw) and water vapour formation
above 100 °C. Indeed, not only do water droplets flow out of the set-
up, see Fig. 4(a), but also water vapour (or liquid water) pushes gas
out of the set-up on the upstream sample side. This is evidenced
during the test when the upstream gas pipe is dismounted, because
liquid water gets out of the pipe nipple situated at the cell base.

For sample No. 17, gas retention occurs more sharply than for
sample No. 16, see Figs. 3(b) and 5(a). It is recorded from 143.5 °C and
up to 207.8 °C, and lasts for 4 h 42 min, i.e. almost twice as long as for
sample No. 16. Both observations are attributed to higher initial water
saturation Sw for sample No. 17 than for sample No. 16, see Table 1.

For all partially-saturated samples, water droplets flow out of the
downstream gas pipe at lower temperatures than for dry sample No.
23. Water droplets appear from 122 °C for long sample No. 16, from
142 °C for long sample No.17 and from 128 °C for short sample No. 26.
This is interpreted as being due to free water drainage and bound
water drainage as well. Once this phenomenon has started, it lasts
throughout the heating cycle (up to 200 °C).

4.4.3. Scale effect
For short and partially-saturatedmortar sample No. 26, see Fig. 5(b),

no gas retention phenomenon is observed. For sufficiently small sam-
ples, water vapour drainage occurs quickly enough so that gas transport
is not affecteddramatically. Such a diffusionmechanismaswater vapour
drainage out of amaterial porous network is acknowledged to vary, for a
given duration, with the square of the specimen dimension l2 along the
main flow axis (here the vertical axis) [48]. Therefore, increasing the
length-to-diameter ratio of our specimens by two multiplies diffusion
time by four. This appears sufficient to slowwater vapour diffusion so as
to impede proper gas flow through the longer sample, see Fig. 5(a). We
also note that for short and partially-saturated mortar sample No. 26, a
permeability decrease occurs from 151 °C and up to 199 °C during the
third heating cycle (up to 200 °C), and lasts for 1 h 53 min. In such
instance, the sample is subjected to free water drainage (by vapour
diffusion), but also to bound water release: the kinetics of both mech-
anisms combine, so that the gas passage through the pore network is
partially hindered.

4.5. Permeability results and gas retention effect for concrete

Results are presented in Fig. 6(a) and (b). For dry CEM V No. 1
sample, gas permeability Kapp does not change significantly during
heating, even along the third heating cycle up to 200 °C. We also
observe only a slight permeability variation before and after all three
heating cycles, see Table 3. This accounts for a very good temperature
resistance, attributable to a low bound water content of the C–S–H
individually, together with a stronger water bond inside those C–S–H,
thanks to fly ash and blast furnace slag presence.

For partially-saturated CEM V No. 2 concrete sample, gas
permeability is divided by two as soon as during the first heating
cycle up to 60 °C, and a gas retention phenomenon is recorded from
the second heating cycle up to 105 °C only, from as low a temperature
as 20.6 °C and up to 105 °C. This lasts for 1 h 20 min, see Fig. 6(b). Gas
difficulties in passing through concrete are attributed mainly to free
water dilation and/or flow out of the sample, because dry sample CEM
V No.1 testing has shown that no major bound water release occurs up
to 200 °C heating. Moreover, when gas retention is over after the
second heating cycle, it does not occur anymore during the
subsequent (and third) heating cycle. Therefore, gas retention occurs
much quicker with CEM V concrete thanwith normalised mortar. This
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is possibly mainly due to the very high sample initial saturation rate:
Sw=≈80%, for both material have similar porosities. During the third
heating cycle, oscillations in Kapp are attributed to free water vapour
condensation and drainage at the downstream pipe side, for these
occur at very close time intervals.

5. Conclusion

Using experimental evidence, this study has shown that a gas
retention phenomenon could occur in cement-based materials sub-
jected simultaneously to hydrostatic loading and to a uniform tem-
perature up to 200 °C. This gas retention phenomenon depends
mainly upon the applied heating rate (although the sample is con-
tinuously at uniform temperature all over its volume), the cement
paste composition, the initial saturation level Sw, and it is also ampli-
fied by the sample scale. Gas retention phenomenon is attributed to
water vapour (and/or liquid water) clogging the material porous
network, so that gas becomes temporarily unable to pass through
the specimen. This phenomenon has not been observed for initially
dry materials, although, in such instances, gas permeability may be
divided as much as down by two (mortar specimens). This is attrib-
uted to bound water release from the C–S–H. Gas retention phe-
nomenon does not occur either for mortar samples of length-to-
diameter ratios of about 1, for which gas or liquid evacuation from the
porous network is easier (kinetic effect). In the extreme, gas retention
is bound to occur for normalised mortar samples of height-to-diam-
eter ratios of ca. 2, initial saturation rates Sw from around 45%, and
heating rates from 2.5 to 4.9 °C/min.

The cement-based material composition also affects gas retention.
Indeed, for CEMV concrete, and contrarily to normalised mortar,
bound water release from the C–S–H spans over a wider temperature
range due to the presence of additives such as fly ash and blast furnace
slag which modify the C/S ratio of C–S–H. This is thought to explain
the steadiness of CEMV concrete gas permeability with temperature
when initially dry. Complementarily, as for normalised mortar, high
initial saturation levels (ca. 80% and above) induce gas retention
within CEMV concrete.

As for further prospects to this work, spatial temperature gradients
have not been tackled here, since all samples are under uniform
temperature all along heat cycling. However, this could worsen gas
retention effects and even induce additional physical phenomenawhich
could not be observed here. Another potentially influential effect is that
of material porosity, yet this was not be studied here because both
mortar and concrete display similar porosities (12.9 and 14.2%
respectively). Moreover, due to the high hydrostatic pressure applied
in the experiments (Pc=5MPa), micro-cracking due to heat cycling is
likely to have been greatly reduced. In practice, however, microcracking
would be bound to occur. These aspects will be tackled in further work.
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