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We assess the durability of an Ultra High Performance Fiber Reinforced Concrete (UHPFRC) after accelerated
aging, i.e. after partial drying, or 105 °C oven-drying (dry reference state), 200, 300 or 400 °C heat-treatment,
or progressive splitting (Brazilian test). Our key experimental tool is gas permeability Kgas under varying confine-
ment Pc, coupled to MIP and SEM analysis. UHPFRC properties are compared to standard mortar and ordinary
concrete.
Whereas usual UHPFRCs involve pozzolanic additions and thermal curing, this UHPFRC does not, and is signifi-
cantly more porous (by 9–10%). However, 74% of its porosity comprises pores smaller than 4 nm, i.e. located
within the C–S–H. Dry reference state UHPFRC lies in the range of very high durable materials, with an average
Kgas = 10−18 m2. Damage by heat-treatment at 400 °C induces limited de-bonding at the fiber/paste interface,
which increases Kgas up to 10−17 m2 at Pc = 6 MPa. While sustaining more than 300 μm/m tensile strain, Kgas

of UHPFRC remains virtually identical.
© 2013 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Industrial and scientific context

Currently, France has the second nuclear power plant industrial park
(behind USA), with as many as 58 independent reactors spread around
the country. 24 of these reactors belong to the so-called Second Gener-
ation,whichwas built between 1970 and 1988 (i.e. they are between 25
and 43 years old). Each reactor unit of the SecondGeneration comprises
a containment building, which is made of two superposed reinforced
concrete structures. Their aim is to act as a barrier against any aircraft
strike, and also as a tight container, should any leakage of the reactor
vessel occur. In such event, gas pressure build-up is expected inside
the containment structure, which should not spread through to the en-
vironment. Contrary to the Second Generation reactors, containment
buildings of the First Generation reactors are made of a non porous
steel casing superposed to a concrete container, which generates differ-
ent safety issues.

The French law (on transparency and safety of nuclear operation sys-
tems, June 13th, 2006) imposes that, every ten years, all French nuclear
reactors are stopped in turn, and fully test-proofed, in order to check if
they are fit to be operated for ten more years. In particular, the tightness
).

ghts reserved.
of Second Generation reactors to gas pressure is ascertained as follows:
an internal gas pressure is applied to the containment building, at a
conventional rate and amplitude, so that the reactor is declared fit
for an extended operation if the leakage rate is below a regulatory-
fixed value.

Electricité de France (EDF), the first French electricity operating
company, anticipates novel methods for lengthening the operating
duration of its oldest reactors, among which are the 25–43 years old
Second Generation ones. A foreseen path is to strengthen the tightness
of containment buildings, which has degraded with time, due to con-
crete drying and aging (marked by various crack patterns), and to pre-
stress decrease. As recalled by Ozyildirim [1], one method of improving
durability is to lower the permeability of concrete. One viable option is
to cover the extrados of the current concrete buildings with a supple-
mentary concrete layer, aimed at increasing its tightness for at least 30
more years.

In this context, a specific Ultra High Performance Fiber Reinforced
Concrete (UHPFRC), developed by Lafarge company, is being considered
under the form of pre-cast slabs, assembled and glued together (with a
specific mortar) on the existing structures. This novel material is a
cheaper version of the commercial Reactive Powder Concretes of the
Ductal™ range (also known as UHPFRC-D) [2–4], owing to its simpler
manufacturing process. Its requirement specifications comprise good
long-term adherence (yet, this issue is not addressed here), and ade-
quate durability performance. Similarly to Ductal™, this UHPFRC is a
self-compacting concrete, and it possesses a recognized high mechani-
cal performance, with a compressive strength above 120 MPa, a tensile
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Fig. 1. Typical example of intrinsic gas permeability under confinement, obtained on a
sample of mortar M1 damaged by 400 °C heat-treatment, from [11].
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strength above 5–6 MPa, a porosity (measured with water) below 10%,
remarkable ductility provided by metallic fiber presence, and an excel-
lent resistance to chloride penetration [2,5].

1.2. Investigation of durability through gas permeability experiments

Concrete durability performance is generally assessed by a number
of parameters, amongwhichmechanical properties and gas permeabil-
ity are key [1,6]. In a publication aimed at the French concrete industry,
V. Baroghel–Bouny [7] proposes a classification of durable concretes
wrt. a number of indicators, among which are gas permeability and
porosity, which are based on extensive experimental investigations,
see Table 1. Very high durability corresponds to (1) apparent gas perme-
ability at values below 10−17 m2 (measured after drying at 105 °Cwith a
gas pressure gradient on the order of 2 MPa), while (2) corresponding
porosity Pwater (measured by water saturation) is of 6 to 9%, and porosity
Phg (measured by mercury intrusion porosimetry—MIP) is of 3 to 6%.
Other key indicators include chloride diffusion coefficients and electrical
resistivity, yet these are not the focus of the present contribution.

A number of experiments have been conducted in our laboratory on
damaged Civil Engineering materials: these have shown that gas perme-
ability Kgas is very sensitive to the closure of either macro-cracks [8] or
micro-cracks [9,10]. Applying a hydrostatic stress (or confining pressure
Pc) to a damaged porous sample induces a closure (or an aperture upon
unloading), which, in turn, produces a characteristic hydraulic behavior,
see Fig. 1.
Table 1
Classification and (indicative) limit values for general (G) or substitution (S) durability
indicators: porosity, electrical resistivity, diffusion coefficient and permeability, as translated
from [7]. Concrete type is given on an indicative basis.

Classification and limit values

Potential durability 

indicator
Very low Low Average High Very high

G
Porosity accessible to 

water (%) Pwater

>16

14 to 16 12 to 14 9 to 12 6 to 9

S

Porosity measured by 

mercury intrusion (%) 

PHg

13 to 16 9 to 13 6 to 9 3 to 6

S
Electrical resistivity 

(Ohm.m)
<50

50 to 

100

100 to 

250
250 to 1000 >1000

G

Effective chloride 

diffusion coefficient

(10
-12 

m
2.s

-1
) Deff

>8 2 to 8 1 to 2 0.1 to 1 <0.1

G

Apparent chloride 

diffusion coefficient

(measured by a 

migration test)

(10
-12 

m
2.s

-1
) Dapp(mig) >50 10 to 50 5 to 10

1 to 5 <1

G

Apparent chloride 

diffusion coefficient 

(measured by a diffusion 

test) (10
-12 

m
2.s

-1
) Dapp(diff)

<5

G

Apparent gas 

permeability (at 

Pupstream=2MPa and after 

drying at T=105°C)

(10
-18 

m
2
) Kgas

>1000
300 to 

1000

100 to 

300
10 to 100 <10

G

Liquid water 

direct flowrate

measurement, after 

saturation) (10
-18 

m
2
) Kliq

>10 1 to 10 0.1 to 1 0.01 to 0.1 <0.01

Concrete type 

(indicative) (European 

EUROCODE2 

denomination)

C25 to 

C35

C30 to 

C60
C55 to C80 >C80

permeability (at Pmax by 
More precisely, during successive increases/decreases in confining
pressure Pc, Fig. 1 shows the typical phases in the hydraulic behavior
of a standard mortar sample, which is micro-cracked after 400 °C
heat-treatment [11,12]. The first loading phase is marked by a sharp
gas permeability drop (from an initial value of 3.6 × 10−16 m2, Kgas is
divided by 3.8 between 4 and 55 MPa confinement); this is associated
to an irreversible closure of micro-cracks. Following this, the first
unloading path occurs with an almost constant gas permeability (Kgas

remains on the order of 1–1.5 × 10−16 m2), whereby a very limited
number of micro-cracks are re-opened. The pattern of these micro-
cracks (before loading) has been observed with the SEM [11]. During
subsequent loading cycles, the relationship (Pc,Kgas) follows a non linear
reversible path, so that it is no longer easy to make the difference be-
tween loading and unloading: such behavior is typical of almost intact,
i.e. not micro-cracked material. Such hydraulic behavior is even more
marked for initially macro-cracked materials [8,13]. On the opposite,
if confining pressure has no sensitive effect upon gas permeability, it
means that the porous material is intact i.e. that it does not contain
micro-cracks. Therefore, a coupled investigation of gas permeability
and confining pressure variations is an efficient tool to evaluatematerial
damage, due to heat-treatment or mechanical loading. Both are used to
reproduce in situ concrete aging in an accelerated manner, and at the
laboratory scale.

1.3. Aims and scopes

The experimental characterization of the transport properties
of UHPFRC Ductal™ has been published in [14], which has shown its
excellent tightness to gas. However promising, this research related
neither to the specific UHPFRC material considered in this contribution,
nor to its aging behavior. Indeed, Lafarge and EDF companies need
to determine whether this UHPFRC retains its durability over several
tens of years, and after partial damage. These aspects are characterized
experimentally herein, by performing effective gas permeability exper-
iments (Kgas) under varying mechanical loading, for progressively aged
concrete. Applied loading is a hydrostatic stress (or confinement Pc),
obtained by placing each sample in a triaxial cell [8–11,15–17]. In order
to reproduce in situ aging conditions, three progressively degrading
methods are applied from an initial mature state:

(1) partial drying is reproduced by placing UHPFRC samples in
hermetic chambers at given relative humidity (RH) until mass
stabilization. Kgas(Pc) is then characterized vs. water saturation
level Sw. For comparison purposes, the reference state is chosen
at mass stabilization when oven-drying at 105 °C, as in [7].

Unlabelled image


Table 3
Composition of standard mortar M1 and ordinary concrete OC.

Constituents Proportions (kg/m3)

Mortar M1
Cement CEM II/B-M (LL-S) 32.5R 450
Leucate sand (0–1.6 mm) 1350
Water (W/C = 0.5) 225

Concrete OC
Cement CEM I 52.5 PM ES 350
Mix of sand (0–4 mm) 764
Mix of aggregates (4–20 mm) 1075
Water (W/C = 0.53) 185
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(2) UHPFRC is subjected to diffuse damage, as observed in situ after
several tens of years seasonal thermal and hydraulic variations.
This is reproduced in the laboratory by accelerated damage
due to heating/cooling cycles up to 200, 300or 400 °C. Former re-
search on standard mortar has proven that such thermally-
induced damage allows the maintenance of mechanical perfor-
mance,while leading to very sensitive effects on gas permeability
and on Kgas(Pc) [15].

(3) In order to reproduce more intense degradation, UHPFRC is
subjected to localized damage, by using a Brazilian splitting test.
Tensile strain is imposed at given values along a sample diame-
tral plane until macroscopic failure.

In cases (2) and (3), gas transport properties Kgas(Pc) are compared
to the reference state of UHPFRC, and to those of two standard cement-
basedmaterials: an ordinary concrete (OC), of composition close to that
used for containment structures, and a standard mortar (M1) from our
former research [10–12,15].

2. Materials and methods

2.1. Materials

A typical composition of UHPFRC-D is provided in [18]: it is made
of 700–1000 kg/m3 pure Portland cement, 200–300 kg/m3 silica
fume, 10–40 kg/m3 super-plasticizer, 110–200 kg/m3 water, more
than 150 kg/m3 metallic fibers, and the remaining constituents are ag-
gregates (0–200 kg/m3 coarse aggregates and 1000–2000 kg/m3

fine
aggregates), which maximum size ranges between as small as 0.5 and
7 mm. Its water-to-cement ratio W/C is below 0.24. The amount of
super-plasticizer in UHPFRC is greater than for usual high performance
concretes (HPC), in order to ensure proper workability despite the low
W/C. As a matter of comparison, HPCs used by Andra for the French
underground nuclear waste repository require only 10–11.5 kg/m3

super-plasticizer per m3 concrete [19], with a W/C of 0.39–0.43
(i.e. greater than that of UHPFRC).

The UHPFRC concrete used in this study differs from UHPFRC-D
as follows: it comprises no silica fumes, and it has not been subjected
to any post-hydration thermal treatment, as used on UHPFRC-D to de-
crease its porosity (from 6–7% to 2–3% if performed at 90 °C and 100%
RH for 48 h, [20]). However, as for UHPFRC-D, its high mechanical
performance is provided by an optimized Appolonian aggregate packing,
with a maximum grain size of 0.6 mm, which makes it similar to a mor-
tar, or to a micro-concrete, rather than to an ordinary concrete. Its W/C
ratio is 0.23, which means that cement hydration is far from complete:
this allows concrete self-repairing after limited cracking. The composi-
tion of our UHPFRC also comprises metallic fibers, which length and
diameter are respectively, on average, 6 mm and 0.180 mm. More accu-
rate data on the composition of this UHPFRC are within Lafarge™ confi-
dential know-how, and, for that reason, cannot be reported further.
Table 2 sums up the main mechanical properties of UHPFRC at 28 days
air curing, as presented in [5]. It shows that, despite no thermal treatment
and no pozzolanic additives, this UHPFRC has very strong mechanical
performance (with 140 MPa compressive strength, 6.6 MPa tensile
Table 2
Main mechanical properties of the UHPFRC, mortar M1 and concrete OC studied.

Property Average value for UHPFRC
(without thermal treatment)

Uniaxial compressive strength fcj 140 MPa
(at 28 days)

Tensile strength at 28 days ftj 6.6 MPa
Tensile stress at a crack aperture of 0.3 mm
(three point bending test) σ(0.3mm)

2.0 MPa

Young's modulus E 52 GPa
strength and 52GPa Young's modulus) and remarkable ductility, as
evidenced by the stress sustained at 0.3 mm crack aperture (during a
3 point bending test): σ(0.3mm) = 2.0 MPa.

For comparison purposes, two other cementitious materials are
studied. They are respectively: (1) a standard mortar (M1), studied in
[15] in order to investigate the effect of a thermal treatment (up to
400 °C)upon itsmechanical and transport properties, and (2) anordinary
concrete (OC), similar to those used for containment structures of nuclear
power plants.

Table 3 presents the compositions of M1 and OC. Standard mortar
(M1) is mixed according to European standard EN196-1. It has a W/C
ratio if 0.5, and is made with pure silica sand (from Leucate, France),
which grain size distribution corresponds to European standard EN196-
1, with values below 1.6 mm. Its cement is a CEM II/B-M (LL-S) 32.5R:
it is composed of 69–75% clinker, 21–35% calcareous filler LL (with
less than 0.2 wt.% organic matter) and 21–35% blast furnace slag S, with
a fineness providing more than 10 MPa compressive strength at 2 days
(and at least 32.5 MPa at 28 daysmaturation).When assuming a cement
density of 3150 kg/m3 [21], its paste volume is of 368 dm3/m3 mortar.
After 6 months maturation under lime saturated water and oven-
drying at 105 °C until mass stabilization, Young's modulus of M1 is of
32.5 ± 1 GPa, its compressive strength is 58 ± 0.5 MPa and its porosity
(measured by the water saturation method) is of 13% ± 0.5% [15].
Mortar M1 is comparable to UHPFRC in the sense that it is composed
of low-sized aggregates: the average contact surface between cement
paste and aggregate is significantly lower than for OC.

Ordinary concrete (OC) complies with French standard XP18-351.
It is made of pure Portland cement CEMI 52.5 PM ES, with a low C3A con-
tent to improve resistance to sulfate attack and marine environments.
Sand and bigger aggregates (of up to 20 mm diameter) are pure silica,
extracted from the Palvadeau quarry (France). Its W/C ratio is 0.53: it is
similar to that of mortar M1, so that it does not require the use of
super-plasticizers. When assuming a cement density of 3150 kg/m3

[21], its paste volume is of 296 dm3/m3 concrete, which is significantly
less than mortar M1. Its porosity (measured by water saturation) is
11.5% ± 0.5%, and its compressive strength at 28 days is fc28 =
48 MPa. Both UHPFRC and OC have been provided to our laboratory
(by Lafarge Company) as industrial pre-cast slabs, of 37 mm thickness
for UHPFRC and 50 mm thickness for OC concrete.
Average value for M1 Average value for OC

58 +/− 0.5 MPa
(after 6 months maturation under water)

48 MPa
(at 28 days)

N/A N/A
N/A N/A

32.5 +/− 1 GPa N/A
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2.2. Sample preparation technique

For gas permeability measurement, all samples are cut to size from
mature materials. Mortar samples (of biggest aggregate diameter
1.6 mm) have been cored from a beam preserved in lime saturated
water at 20 °C for 6 months. The sample size is of 37 mm diameter and
70 mm height.

UHPFRC andOC concretes are cored from thepre-cast slabs provided
by Lafarge™, so that their height is imposed by the slab thickness. The
UHPFRC (of biggest aggregate diameter 0.6 mm) has been air-cured
for more than three months, and the OC concrete (of biggest aggregate
diameter 20 mm) has been water cured for 6 months. Sample sizes are
65 mm diameter for both materials, 37 mm height for UHPFRC and
50 mm for OC concrete. As suggested by Scherer [22], the sample height
should be chosen as equal to at least three times the size of the biggest
aggregate, in order to ensure proper sample representativeness towards
fluid transport (and to avoid preferential fluid short-cuts through paste/
aggregate interfaces). It is observed that the height of OC concrete
samples is 2.5 times the size of the biggest aggregate (which is close
to 3 times),whereas the sample height is 62 times the size of the biggest
aggregate for UHPFRC, and 44 times the size of the biggest aggregate for
M1, which are both adequate according to [22].

2.3. Partial de-saturation and porosity measurement techniques

From the initial fully water-saturated state, three relative humidity
(RH) levels are imposed to three different UHPFRC samples by placing
Fig. 2. (a) Macro-photograph of a UHPFRC sample used for splitting tests. The strain gage is use
horizontal direction. (b): Principle of the quasi-static method used for gas permeability assessm
placed in a triaxial cell for hydrostatic stress loading.
each one in a different hermetic chamber at 20 °C, above a given salt-
saturated solution: NaBr for RH = 59%, KCl for RH = 85% and K2SO4

for RH = 98%.
Water saturation level Sw represents the proportion of pores (i.e. of

total porosity) filled with water. It is deduced from:

Sw ¼ Vpores filled with waterð Þ
Vpores totalð Þ ¼ m RHð Þ−mdry

msaturated−mdry
ð1Þ

where m(RH) is sample stabilized mass at given RH, mdry is sample
dry mass (obtained at stabilization during oven-drying at 105 °C), and
msaturated is the initial fully water-saturated mass.

By using this so-calledwater saturationmethod, porosity ϕwater = ϕ
is derived from:

ϕwater ¼ ϕ ¼ Vpores totalð Þ
Vsamples

¼ msaturated−mdry

ρwaterVsample
ð2Þ

where ρwater is water specific mass at 20 °C, Vsample is sample volume
(measured with a caliper to an accuracy of 0.008 mm3).

Water saturation Sw may be related to capillary pressure pcap inside
the porous medium. Indeed, capillary pressure pcap is related to the rel-
ative humidity RH surrounding the porousmedium (assumed constant)
through Kelvin's law, which describes the equilibrium between air/
water vapor. pcap is also related to the biggest pore diameter di at the in-
terface between water/air by Laplace's law. Combining these laws pro-
vides Kelvin–Laplace's equation, which allows the calculation of di,
d to impose a controlled positive strain in themiddle of the end surface of the sample, in a
ent, from [8]. The sample is subjected to a fluid pressure gradient (P1 − P0) while being
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also named smallest drained pore diameter, at given temperature T and
for given RH, as:

di ¼ − 4 γw Tð ÞMw

RTρwater Tð Þln RHð Þ ð3Þ

where ρwater iswater specificmass (function of temperature T) [kg/m3];
R is the perfect gas constant [J/mol·K]; T is temperature [K];Mw iswater
molar mass [kg/mol] and γw is the surface tension of water/air (also a
function of temperature) [23]. In the following, all calculations are
performed at 20 °C (293.15 K). From Eq. (3), at RH = 98%, the smallest
drained pore diameter is calculated as di = dsaturated = 106 nm; at
RH = 85%, it is 13 nm, which corresponds to pores between C–S–H
layers (inter-layer pores); and at RH = 59%, di is 4 nm, which corre-
sponds to C–S–H intra-layer pores [24,25].

Complementarily, pore size distribution and porosity ϕHg of one
UHPFRC sample (of less than 1 cm3 volume) are assessed by Mercury
Intrusion Porosimetry (MIP), with a Micromeritics™ Autopore IV 9500
apparatus, enabling intrusion pressures of up to 200 MPa. By using
Laplace's law for the interface between air and mercury, this corre-
sponds to intruded pores of diameters of 6 nm and above.

2.4. Heat-treatment procedure

Heat-treatment aims at damaging, and hence, aging, UHPFRC (and
OC and M1) further than by decreasing their surrounding RH. To this
purpose, heat-treatment is performed between 105 and 400 °C, which
is reputed to correspond to the progressive decomposition of the C–S–
H [26]. As C–S–H would also be the main concrete components to de-
grade due to aging, heat-treatment in such temperature range is as-
sumed adequate to reproduce accelerated aging.

Preliminarily to heat-treatment, all samples are in so-called the ref-
erence dry state, which is obtained by oven-drying at 105 °C until mass
stabilization (the RH is then less than 5%), followed by cooling down to
20 °C. The heat-treatment cycle is performed as follows: from 20 °C,
samples are subjected to a heating rate of 20 °C per hour, followed by
a stable phase at the target temperature T = 200, 300 or 400 °C for
1 h (for M1) or 24 h (UHPFRC and OC), and then to a cooling phase at
a rate of 20 °C per hour down to 20 °C.

2.5. Brazilian splitting test

Brazilian splitting tests are performed onUHPFRC and onOC to dam-
age them more locally than by heat-treatment, and until macro-
cracking (sample failure). This also allows an evaluation of the benefit
of fiber presence on gas permeability.

Preliminary to the splitting and permeability test, UHPFRC and OC
samples are taken as after coring, i.e. no oven-drying is performed. Split-
ting is controlled up to a given value of diametral strain, which is mea-
sured by a strain gage located in the middle of one end surface of the
sample, see Fig. 2(a). Table 4 indicates the different loading steps until
failure.

Gas permeability is measured after each loading step, except after
failure, which would require considering the sample as a small struc-
ture, and no longer as a homogeneous porous medium (despite poten-
tial localized damage).
Table 4
Evolution of splitting tests on OC and UHPFRC, during which diametral strain is imposed,
and gas permeability is measured (when yes is mentionned).

Strain (10−6) 100 200 300 360

OC—concrete Yes Failure
UHPFRC Yes Yes Yes Failure
2.6. Effective gas permeability measurement

Our gas permeability experiments consist in placing a sample of
porous medium in a triaxial cell, which allows application of apply a
hydrostatic stress of up to 30–35 MPa, simultaneously to a fluid** pres-
sure gradient, see Fig. 2(b).

In its general expression for fluid transport, Darcy's law relates the
fluid pressure gradient to its velocity, so that permeability is a second
order tensor, which is generally admitted to be symmetrical [27] and
[28]. In the following, the porous medium is assumed isotropic, and
subjected to a uni-dimensional fluid flow along its axis x, so that gas
permeability is reduced to a scalar quantity Kgas (and so are fluid pres-
sure gradient and velocity). Gravity effects are neglected.

Usually, gas permeability Kgas is calculated either by the steady state
method, or by the transient (pulse test)method,which choicemainly de-
pends on the order of magnitude of Kgas. The steady state method is an
adequate method for permeabilities Kgas ≥ 10−20 m2, to avoid lengthy
experimental durations. It is performed as follows.

Experimentally, fluid velocity v is assessed as the average gas volume
flowrate Qv = v/A (in m3/s), where A is the sample cross-sectional area.
As commercial flowrate-meters are not necessarily within the required
measurement range, Qv is measured by imposing a small pressure
decrease ΔP (when compared to upstream pressure P1) during time Δt
[15]. This is performed by closing a valve situated upstream of a buffer
reservoir, itself placed upstream of the sample, see Fig. 2(b). By assuming
quasi-static flow and the perfect gas state equation, Qv writes:

Qv ¼
VrΔP

PmeanΔt
ð4Þ

where Vr is the upstream 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 when compared to Vr. In the following,
P1 =1.5 MPa and ΔP is less than 0.1 MPa.

Along sample height L, apparent or effective gas permeability
Kgas = K is derived by expressing the pressure gradient on the sample
upstream side (x = 0) through fluid mass conservation and the perfect
gas state equation, so that:

Kgas ¼ KintKrg ¼
μQv 2LPmean

A P2
mean−P2

0

� � ð5Þ

where Kgas is expressed in m2, μ is gas dynamic viscosity: it is taken as
2.2x10−5 Pa.sec at 20 °C for Argon. At given saturation level Sw, Kgas is
the product of a so-called intrinsic permeability to gas Kint and relative
gas permeability Krg [29].

2.7. Measurement of porosity (with gas) under hydrostatic loading

A dedicated test, similar in its principle to a pycnometric test, has
been designed in our laboratory using gas injection inside the sample
at each confinement step [12]. Gas may access the sample on one side,
yet it is not allowed to flow out of it (the downstream access valve is
closed). Gas is injected from a calibrated reservoir of known volume
V0 at a pressure P1, and it is assumed perfect. After gas injection through
the sample accessible pore volume, there is an equilibrium at a final
pressure Pf such that, in the closed volume of the reservoir, gas pipes
and sample pore volume, one gets (from the perfect gas law):

P1V0 ¼ Pf V0 þ Vt þ Vp

� �
ð6Þ

where Vp is pore volume, V0 is reservoir volume and Vt is pipes volume.
Both V0 and Vt are determined via a preliminary test (which consists in
replacing the sample by a non porous one). From pore volume Vp data,
conventional porosity (measured with gas) is calculated by using the



Table 5
Porosityϕwater andwater saturation level Sw,measured for three differentUHPFRC samples placed respectively at 59, 85 and 98% RH. dsaturated is the biggestwater-saturated pore diameter
according to Kelvin–Laplace's law used at 20 °C [23].

UHPFRC Sample Dry mass after 105 °C
oven-drying (g)

Saturated mass
(g)

Porosity ϕwater

(water saturation method)
(%)

Imposed RH
(%)

dsaturated
(nm)

Stable mass
at given RH
(g)

Water saturation Sw at
stabilization at given RH

F 295.2 307.99 10.4% 59 4 304.68 74%
G 293.65 305.74 9% 85 13 303.12 78%
H 294.48 305.88 9% 98 106 305.27 95%
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initial sample volume Vsample, as: ϕgas(Pc) = Vp/Vsample at each value of
confinement Pc.

3. Results and discussion

3.1. Effect of partial drying upon gas permeability Kgas(Pc)

Table 5 sums up the mains results for porosity ϕwater and saturation
level Sw at given RH, for UHPFRC alone.

3.1.1. Pore volume
Porosity ϕwater is on average 9.5% +/−0.5, which is, as expected,

significantly greater than porosity ϕHg given by MIP at a value of
6.4%. According to [7], such porosity level for ϕwater corresponds to
the range of high durability concrete (not “very high durability”), and
expected dry gas permeability (after 105 °C oven-drying and at Pgas =
2 MPa) should be within 10−17–10−16 m2. Fig. 3 shows that for our
UHPFRC, dry gas permeability is hardly affected by confining pressure
changes, and that it ranges between 0.92 and 1.5x10−18 m2. Such gas
permeability classifies our UHPFRC as of very high durability (and not
of high durability only), as suggested by porosity values alone. This
justifies the use of gas permeability, as a more accurate indicator of
concrete durability than porosity.

3.1.2. Partial drying and pore size distribution
At mass stabilization at given RH (from the initially fully water-

saturated state, i.e. during a first desorption), water saturation level
Sw is 95% at RH = 98% (sample H), whereas Sw = 78% at RH = 85%
(sample G), and it decreases down to 74% only at RH = 59% (sample
F). Although these tests were performed on different samples (which
is bound to affect the results), we observe that only 4% variation in Sw
Fig. 3. Apparent gas permeability of partially-dried UHPFRC under increasing confining
pressure—comparison with the initial dry reference state.
occurs between RH = 85 and 59%. When applying Laplace's law at
20 °C, this corresponds to the drying of pores of diameters between
13 and 4 nm, which are, for the former, C–S–H inter-layer pores, and
for the latter, C–S–H intra-layer pores: according to Kelvin–Laplace's
law, between 85 and 59%RH, all pores bigger than those within the
C–S–H layers are emptied. Our measurements show that only 4% of the
total porosity of our UHPFRC (i.e. Sw(RH = 85%) − Sw(RH = 59%)) is
madeof pores in the range [4,13]nm. Similarly, only 5%of theUHPFRCpo-
rosity is made of pores bigger than 106 nm (which dry at RH = 98%),
and 22% of the porosity is composed of pores bigger than 13 nm. Most
of the porosity (i.e. 74% of it) is below 4 nm, i.e. it is within the C–S–H
layers. This is a consequence of the optimization of the UHPFRC micro-
structure,which provides very thin pore sizes, and, hence, excellent resis-
tance to fluid ingress.

As a matter of comparison, MIP results for pore size distribution of
reference dry UHPFRC are given in Fig. 4. Down to 6 nm (lower limit
of MIP), UHPFRC pore size distribution is unimodal, with a pore peak
at 12 nm diameter, followed by a sharp decrease in pore diameters big-
ger than this value. The small difference in water saturation between
RH = 85% (13 nm of biggest saturated pore diameter) and RH = 59%
(4 nm of biggest saturated pore diameter) is justified by MIP, as this
range of diameters lies in the domain of the sharp decrease in pore vol-
ume. Except for a small peak at 3.85 μm, there are nomore pores, which
diameter is larger than 100 nm. Pores bigger than 80 μm are attributed
to micro-cracks, created by sample cutting, to fit inside the MIP device:
they are not predicted byKelvin–Laplace's lawas capillary pores present
at 98%RH or below. Moreover, no pores smaller than 6 nm are
accounted for by MIP, so that the main pore diameter for UHPFRC
should be of 12 nm. This is not consistentwith our saturation levelmea-
surements, see Table 5 again: Sw remains at 74% after pores bigger than
4 nm are dried, according to Kelvin–Laplace's law.

3.1.3. Gas permeability in the partially water-saturated state
While providing a few points of the desorption (RH,Sw) curve, our

aim is to observe whether the UHPFRC may exhibit a hydraulic cut-off,
whereby gas cannot flow through the medium at given confinement
level, while it is not fully saturated. Therefore, in the following, apparent
gas permeability Kgas of UHPFRC is provided (1) after mass stabilization
at given RH, and (2) after oven-drying at 105 °C, both under confine-
ments up to 30 MPa, see Fig. 3. Sample H is saturated by 95%: it has a
gas permeability lower than 10−22 m2, and no actual gas passage was
measured on the sample downstream side, when applying a fixed gas
pressure on the upstream side for more than 4 h. It is concluded that a
gas permeability equal to zero corresponds to Sw = 95% (RH = 98%).
By using Laplace's law at RH = 98% and 20 °C, this means that there
is no continuous path in UHPFRC composed of pores, which diameter
is bigger than 106 nm.

For samples F and G, which are saturated below Sw = 95%, gas
permeability decreases with increasing confinement, and it is recorded
at very low values, ranging from 10−20 m2 to 7x10−20 m2 (sample F,
Sw = 74%) or 8x10−21 m2 to 2x10−20 m2 (sample G, Sw = 78%), see
Fig. 3 again. As expected, more saturated sample G (Sw = 78%) has
consistently lower gas permeability than sample F (Sw = 74%). For
both these samples at a confining pressure Pc = 30 MPa, Kgas is between
10−20 m2 and 8x10−21 m2, which is considered as an actual hydraulic
cut-off. Indeed, for Kgas = 10−20 m2 (respectively Kgas = 8x10−21 m2),
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Fig. 4.Mercury intrusion porosimetry test on UHPFRC in the initial reference dry state—mercury pressures are applied up to 200 MPa.
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at 0.2 MPa gas pressure gradient (which is on the order of that imposed
in situ), gas flowrate is of only 8.14 μl/h (respectively 6.51 μl/h); at an
upper limit of 0.5 MPa gas pressure gradient, gas flowrate is of 26 μl/h
(respectively 20.8 μl/h).

3.2. Assessment of a dry reference state for Kgas(Pc)

We aim to compare the effect of gradual damage upon concrete du-
rability, asmeasured by gas permeability, in relation to a reference state.
It is chosen as the dry state at 105 °C, associated to a hydrostatic loading
Pc up to 30 MPa or 25 MPa (for mortar M1). Fig. 5 shows the evolution
of Kgas with Pc, for the three materials (UHPFRC, OC and M1), when all
are in the reference state. A log scale is used, as it is more adapted to
the high permeability contrasts measured.

One observes that UHPFRC is significantly less permeable than OC
and mortar M1, with values ranging between 0.92 and 1.5x10−18 m2

(see also previous Sub-section 3.1.) depending on Pc, whereas these
range between 6.0 and 6.5x10−18 m2 for M1, and between 20.1 and
49x10−18 m2 for OC. However, reference dry gas permeability values
Fig. 5. Gas permeability vs. confining pressure in the initial dry reference state, i.e. after
105 °C drying until mass stabilization, for UHPFRC, OC and M1.
for UHPFRC remain comparable with former results obtained in our
lab [17] on several high performance concretes, which gas permeability
is of ca. 5* 10−18 m2 (and 6 to 8% porosity). Reference dry gas perme-
ability for UHPFRC is quite low, but not exceptional. Moreover, contrari-
ly to UHPFRC and OC, mortar M1 is almost insensitive to confining
pressure increase: this is attributed to the fact that no significant
micro-cracking has occurred during its drying.

Normalized gas permeability is more adapted to evaluate the mate-
rial sensitivity to confining pressure, which relates directly to its dam-
age level: we use the ratio between gas permeability at given Pc and
that at the lowest Pc used, i.e. K(Pc)/K(Pc = 3 MPa), see Fig. 6. This al-
lows to clear out the initial gas permeability K(Pc = 3 MPa), which
order of magnitude differs significantly from one material to the other,
see Table 6: K(Pc = 3 MPa) is on average 1.4x10−18 m2 for 105 °C
oven-dried UHPFRC, while it represents 4.6 times this value for M1,
and 35 times this value for OC.

Two different phases are observed. The first one is the first loading
phase, during which OC concrete is the most sensitive to Pc increase
with 60% reduction in gas permeability at Pc = 30 MPa. This means
Fig. 6. Influence of confining pressure on the relative permeability ratio K(Pc)/K(3 MPa) in
the initial dry reference state, for UHPFRC, OC and M1.
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Table 6
Increase in gas permeability for the three materials heat-treated at 400 °C, at a fixed confining pressure Pc = 3 MPa. The initial gas permeability is obtained after oven-drying at 105 °C
until mass stabilization.

Material Average initial gas permeability
K (10−18 m2)

K(material)/K(UHPFRC) Permeability after 400 °C
heat-treatment (10−18 m2)

K(material)/K(UHPFRC) after
400 °C heat-treatment

UHPFRC 1.4 1 12 1
Mortar 6.5 4.6 239 20
Ordinary concrete 48.7 35 641 53
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that OC is initially micro-cracked. As already noted from Fig. 5, mortar
M1 is almost insensitive to Pc, which means that this material has not
been significantly affected (wrt. its gas transport ability) by 105 °C
heating. As OC, UHPFRC is sensitive to confinement, with around 30%
reduction in gas permeability at Pc = 30 MPa. During the unloading
phase, the behavior of OC concrete is less hysteretic than that of UHPFRC:
the difference with Kgas during the first loading phase is smaller for OC
than for UHPFRC. This observation means that, when unconfined, the
gas passages within the UHPFRC re-open less than those of the OC con-
crete. These gas passages within UHPFRC are certainly not micro-cracks,
as its optimized composition allows us to infer.

Fig. 7(a) shows a typical SEM image of UHPFRCmicrostructure in the
dry reference state. At the observation scales allowed by the SEM (down
to several hundreds of nm), no micro-cracks have been observed. How-
ever, our UHPFRC has not been subjected to heat-treatment, which
would allow for improving the contact between fibers and paste [5].

From SEM observations of UHPFRC andM1 [12] in the dry reference
state, it is inferred that the amplitude of Kgas, and its sensitivity to con-
fining pressure variations, are due to both (1) the bonding strength be-
tween cement paste and metallic fiber (and/or cement paste and sand
aggregate), and to (2) the fineness of the microstructure (sand grains
are of less than 0.6 mm diameter for FUHPC and 1.6 mm for M1). Both
bonding strength and fineness of microstructure have been optimized
for UHPFRC, when compared to M1 (and OC). This has direct conse-
quences on fluid transport properties: when comparing UHPFRC to
M1 and OC, Kgas is significantly lowered, as is its sensitivity to confining
pressure changes, see Figs. 5 and 6.
Fig. 7. SEM observations of the fiber–matrix interface (BSE detector). (a): Image of UHPFRC
in the initial reference state; (b): this photograph is typical of 400 °C heat-treated UHPFRC.
3.3. Effect of diffuse damage upon durability

3.3.1. Microstructure changes
Diffuse damage after heat-treatment is visualized by SEM imaging,

see Fig. 7(a) and (b) for UHPFRC, and reference [12] for mortar M1.
For UHPFRC, it is observed that the main damage feature due to heat-
treatment at 400 °C is a degradation of the interface between fiber
and cement paste, as the presence of impregnation resin (in dark)
shows. However, this interfacial opening is not observed on all fibers,
and none are degraded along all of their surface: there is a limited de-
bonding between fiber and cement paste.

For mortar M1, the degradation after 400 °C heat-treatment is more
extensive, with (1) pore widening (observed by MIP) and (2) heat-
inducedmicro-cracks present both at the interface between sand aggre-
gates and cement paste, and within the cement paste, which links
two neighboring aggregate/paste interfaces [15]. Pore widening is asso-
ciated to C–S–H decomposition in the 105–400 °C range, and micro-
cracking is attributed to the differential dilation between cement paste
and aggregates. For OC, similar damage mechanisms are inferred. How-
ever, for UHPFRC, no micro-cracking similar to that of M1 is observed.
Indeed, the design of UHPFRC comprises a very limited ITZ (Interface
Transition Area), and a limitation in the rigidity difference between ag-
gregates and paste (owing to an increase in cement paste rigidity, and to
its greater proportion wrt. sand) [5]. These are bound to help limit the
occurrence and extent of micro-cracks. Moreover, C–S–H decomposi-
tion is hindered by the difficulty to access the bulk of the samples,
owing to very fine pore sizes.

3.3.2. Gas permeability Kgas(Pc) after diffuse damage
After heat-treatment, gas permeability changes are represented

1) as a function of heat-treatment temperature T (for a given low con-
finement value of 3 MPa), see Fig. 8, then 2), as a function of confining
pressure, see Figs. 9, and 3) normalized by reference gas permeability
Kgas(T,Pc)/Kgas(105 °C,Pc). Each different representation enhances a
specific feature of gas permeability changes with heat-treatment and
confinement, and compares the three materials (UHPFRC, OC and M1).
Fig. 8. Effect of heat-treatment upon gas transport—gas permeability ratio K(Pc = 3 MPa,
T)/K(Pc = 3 MPa, 105 °C) vs. heat-treatment temperature T for UHPFRC, OC and M1.
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Fig. 9.Effect of heat-treatmentupongas transport—normalizedgaspermeabilityK(Pc)/10−17

for (a) UHPFRC, (b):M1, (c): OC at different heat-treatment temperatures and confinement.
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3.3.2.1. Effect of heat-treatment at low confinement. In Fig. 8, for each ma-
terial individually, gas permeability variations are normalized i.e. com-
pared to the Kgas value in the dry reference state at a low Pc = 3 MPa.
By using such representation, we amplify the effect of heat-treatment
alone upon Kgas, when compared to that at greater confinement Pc.

Fig. 8 indicates that heat-treatment induces an increase in K =
Kgas(Pc = 3 MPa), so that it is multiplied by 1.6 (for OC), 2.1 (for
UHPFRC) and 2.8 (for M1) at T = 200 °C. A greater increase in K =
Kgas(Pc = 3 MPa) is measured at T = 300 °C: it is multiplied by 2.9
for OC, 5.7 for UHPFRC and 10.4 for M1. A significantly greater increase
is measured at 400 °C, with a multiplication of K = Kgas(Pc = 3 MPa)
by 8.7 for UHPFRC, 13.2 for OC and 36.7 for M1. Therefore, UHPFRC
sustains the smallest increase in the range T = [200; 400]°C, whereas
the greatest damage due to heat-treatment is sustained by mortar M1.
OC sustains the smallest damage up to 300 °C, whereas its damage
after 400 °C heat-treatment is greater than for UHPFRC.

ForM1 and OC, themain damage features are related to porewiden-
ing and micro-cracking, see Sub-section 3.3.1. Also, M1 is made of a
composed cement, which comprises not only clinker, but also limestone
filler and blast furnace slag. Due to these additions, the stoichiometry of
C–S–H in M1 is wider than for OC, which uses clinker only as a cement
[30]. Therefore, the decomposition of C–S–H in mortar M1 is bound to
occur within a greater temperature range than for OC, as it corresponds
to a wider range of chemical reactions than for OC. Besides the fact
that mortar M1 contains a greater proportion of cement paste than OC
(368 dm3/m3 vs. 296 dm3/m3), this wider C–S–H stoichiometry is
interpreted as the main reason for the earlier and greater increase
in Kgas(Pc = 3 MPa) of mortar M1 with increasing T, when compared
to OC. On the opposite, UHPFRC remains sound and scarcely damaged
when compared toM1 and OC, with very few changes in its pore geom-
etry, see Sub-section 3.3.1., so that its permeability is much less degrad-
ed than that of OC and M1.

Complementarily, Table 6 shows that at low confinement (Pc =
3 MPa), OC concrete has the highest gas permeability of all three mate-
rials, either before or after heat-treatment at 400 °C.When compared to
UHPFRC in the reference dry state, mortar M1 has a greater Kgas by 4.6
times only, whereas OC has a 35 times greater Kgas. After 400 °C heat-
treatment, OC still has the greatest ratio K(material)/K(UHPFRC), with
a value of 53, whereas M1 displays a value of 20.

However, the most degraded material (from its own dry reference
state) is M1, see Fig. 8 again. It is interpreted that OC, being initially
more permeable, is less sensitive to damage by heat-treatment: to
occur, gas passage through OC does not rely so much on pore widening
or micro-cracking as M1 does.

3.3.2.2. Durability assessment after heat-treatment. Fig. 9 displays
absolute gas permeability values, through the ratio K(Pc)/10−17 m2

vs. confining pressure for each heat-treatment temperature T = 200,
300 and 400 °C, and compared to the reference dry state, for (a):
UHPFRC, (b): M1 and (c): OC. The gas permeability value of 10−17 m2

corresponds to the “very high durability limit” (it is indicated by a red
line in Fig. 9), while 10−16 m2 is the “high durability limit” (blue line)
and 3x10−16 m2 is the so-called “average durability limit” (black line).
Vertical scale increases from UHPFRC (0–1.4) to OC (0–70), in order to
enhance the evolution of K(Pc)/10−17 m2 for each material.

It is observed that UHPFRC has a very progressively increasing
permeability Kgas with increasing heat-treatment temperature, whatever
the confinement applied. Except at Pc = 3 and 6 MPa after 400 °C heat-
treatment, Kgas remains below the very high durability limit, which
testifies of the excellent behavior of UHPFRC after diffuse damage.

On the opposite, mortar M1 remains below the very high durability
limit only after 105 °C oven-drying; it is within the high durability
materials after 200 and 300 °C heat-treatment, and below the average
durability limit after 400 °C heat-treatment. Of all threematerials inves-
tigated, OC concrete is the least resistant to damage by heat-treatment:
even after 105 °C oven-drying, it is above the very high durability limit;
it is below the high durability limit up to T = 300 °C and Pc ≥ 6 MPa.
Otherwise, it is above the average durability limit (T = 400 °C and
Pc ≤ 25 MPa). For both M1 and OC, the high durability behavior is
preserved up to 300 °C (and Pc ≥ 6 MPa), which is the threshold above
which gas starts to pass at a more significant flowrate (with Kgas ≥
3x10−16 m2).

3.3.2.3. Sensitivity of heat-treated concretes to confining pressure variations.
The sensitivity to Pc changes is represented in Fig. 10, by the ratio K(T,Pc)/
K(105 °C,Pc) vs. confining pressure for (a): UHPFRC, (b): mortar M1, and
(c): OC, for the different temperatures T = 200, 300 and 400 °C, and in
the dry reference state: in this case, the ratio is equal to one, whatever
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Fig. 10. Effect of heat-treatment upon gas permeability ratio K(T°C, Pc)/K(105 °C, Pc) for
(a): UHPFRC, (b): M1 and (c): OC.
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Pc. Such representation is useful, as the effect of initial confinement
is taken into account by the normalization operation, so as to analyze
the sole effect of confinement due to heat-treatment above 105 °C.

For UHPFRC, the sensitivity to confining pressure is almost constant
after 200 °C heat-treatment, with K(T,Pc)/K(105 °C,Pc) varying in the
narrow range 1.9–2.1 whatever Pc, see Fig. 10(a). This value represents
twice that after 105 °C oven-drying: it is attributed to the creation of gas
passages, which do not close significantly up to Pc = 30 MPa. This
is usually observed for a network of small width passages (below
1Âμm). After 300 °C and 400 °C heat-treatment, normalized gas perme-
ability at low confinement K(T,Pc = 3 MPa)/K(105 °C,Pc =3 MPa) is
greater than after 105 °C or 200 °C heat-treatment, with values of
5.7 at T = 300 °C and 8.7 at T = 400 °C: this testifies of a greater creat-
ed volume of gas passages with increasing T, as already observed from
Fig. 8. However, contrarily to 200 °C heat-treatment, the ratio K(T,Pc)/
K(105 °C,Pc) reduces progressively with increasing confinement, with
values ranging from 3.5 to 5.7 at T = 300 °C, and 5.9–8.7 at T =
400 °C, for Pc = 3–30 MPa. From these observations, it is interpreted
that a proportion of created gas passages is wide enough to close
when Pc increases. SEM observations after 400 °C heat-treatment
show that passages aswide as severalmicrons to several tens ofmicrons
exist, which justify this interpretation, see Fig. 7(b) again. Since gas pas-
sages created by heat-treatment are included in a low permeability ma-
trix, their closure due to confinement has a greater amplitude than for
M1 and OC, see also Fig. 10(b) and (c). Besides, for T N 200 °C, the
ratio K(T,Pc)/K(105 °C,Pc) follows a similar slope whatever Pc: the pro-
gressive closure of gas passages occurs in a parallel manner. It is
interpreted that cracks created after 400 °C heat-treatment, which close
above Pc = 10 MPa, have a similar initial opening as those created at
T = 300 °C. They are, however, more numerous after 400 °C heat-
treatment.

Fig. 10(b) and (c) represent the ratio K(T,Pc)/K(105 °C,Pc) for
mortar M1 and OC concrete. As for UHPFRC, for Pc ranging from 3
to 30 MPa, mortar M1 exhibits a temperature threshold between 200
and 300 °C, from which the permeability ratio increases significantly,
up to 8.5–10.4 (for T = 300 °C) or 30.5–36.7 (for T = 400 °C),whereas
it remains in the range 2.4–2.8 at T = 200 °C. For OC, the threshold
above which K(T,Pc)/K(105 °C,Pc) increases significantly is rather at
T ≥ 300 °C: at T = 200 °C, K(T,Pc)/K(105 °C,Pc) varies in the range
1.1–1.6, whereas it is within 2.5–2.9 at T = 300 °C and within 11.1–
13.2 for T = 400 °C.

3.3.3. Porosity changes ϕgas(Pc) (measured with gas) after diffuse damage
Complementarily to gas permeability, this experiment provides a

direct assessment of porosity changes under increasing Pc for dry refer-
ence and heat-treated materials (OC and UHPFRC only), see Table 7.

First, one observes no obvious relationship betweenϕgas(Pc) and gas
permeability Kgas, whereby a greater ϕgas(Pc) would be associated to
greater Kgas. In particular, in the dry reference state and at low confine-
ment Pc = 2 MPa, porosity ϕgas(Pc) is higher for UHPFRC (with a value
of 9.1%) than for OC (ϕgas(Pc = 2 MPa) = 8.4%); in the meantime, at a
close Pc = 3 MPa, the average gas permeability of OC is 35 times that of
UHPFRC, see Table 6. Thismeans that the size of gas pathways (expected
to be smaller for UHPFRC) and their tortuosity are predominant over
their volume (as measured by ϕgas(Pc)).

After 400 °C heat-treatment, OC undergoes an absolute increase by
1.5% in porosity ϕgas(Pc), and UHPFRC an increase by 3.1%, see Table 7.
Despite a greater increase in porosity ϕgas(Pc) for UHPFRC than for OC,
the gas permeability of UHPFRC remains very low, with an average
value of 12x10−18 m2, whereas the gas permeability of OC becomes
53 times that of UHPFRC, see Table 6 again.

We interpret these results as the signature of different degradation
modes due to heat-treatment: for OC (assumed similar to M1), damage
is rather associated to porewidening and cement paste (and paste/aggre-
gate)micro-cracking; forUHPFRC, damage is limited to partialfiber/paste
de-bonding. The greater increase in ϕgas(Pc) for UHPFRC (than for OC) is
attributed to a greater volume of damage of the former. However, fiber/
paste de-bonding does not connect significantly through to the cement
paste volume, so that its effect on Kgas is more limited than the damage
(pore widening and extensive micro-cracking) sustained by OC.

Our results, which show greater porosity ϕgas(Pc) associated to
lower gas permeability increase for UHPFRC than OC, mean that pore
widening andmicro-cracking have a greater effect upon gas permeabil-
ity than fiber/paste de-bonding.

However, as expected, for bothmaterials, porosityϕgas(Pc) decreases
progressively with increasing confining pressure. As formortarM1 [12],
this is evidence that an increase in Pc induces a closure of gas passages
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Table 7
Porosity under loading ϕgas(Pc), measured with gas under different confining pressures Pc: comparison between OC and UHPFRC.

Sample OC (dry reference state) OC (400 °C) UHPFRC (dry reference
state)

UHPFRC (400 °C)

Confining pressure (MPa) 2 20 30 2 20 30 2 20 30 2 20 30
Porosity under loading ϕgas(Pc) (%) 8.4 N/A N/A 9.9 9.4 9.3 9.1 8.7 8.44 12.2 11.6 11.44
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inside the solid matrix. After 400 °C heat-treatment, this decrease is
very close for UHPFRC and OC: for an increase in Pc from 2 to 30 MPa,
it represents (0.6/9.9) = 6.1% for OC and (0.76/12.2) = 6.2% for
UHPFRC. This is unexpected, as OC has a smaller sensitivity to confine-
ment changes than UHPFRC, see Fig. 10(a) and (c). Again, this result is
associated to the size and tortuosity of gas pathways, which are of a
very different nature for UHPFRC and OC. Gas pathways in UHPFRC,
created by the heat-treatment, are more easily closed by confinement
than for OC.

3.4. Effect of localized damage upon gas permeability Kgas(Pc)

The splitting test progressively induces a localized material cracking
until tensile failure, which is located in a diametral plane of the initially
circular cylindrical sample. For UHPFRC, failure is obtained at a maxi-
mum tensile strain of 360 μm/m, with a residual crack aperture of
280 μm, see Fig. 11(a) and (b). For OC, tensile failure occurs much ear-
lier than for UHPFRC, at a maximum strain value between 100 and
150 μm/m. As expected, the presence of short metallic fibers enhances
considerably the ductility of UHPFRC [31].
Fig. 11. (a) Macro-photograph of the failed UHPFRC sample at 360 micro strains (from
gage strain measurements) and (b): corresponding crack aperture of the failed UHPFRC
sample, measured after unloading at an average value of 280 μm by using a 3D optical
microscope.
For UHPFRC subjected to splitting, associated gas permeability results
are plotted in Fig. 12. Initially, the sample is partially water-saturated,
with a saturation level Sw ranging between 80 and 95%. Complementarily
to previous heat-induced damage, this aims at reproducing a sudden
accidental failure, prior to full concrete drying. The initial saturation
explains that lower gas permeabilities are measured than in the dry
reference state: these are on orders of magnitude of 10−20–10−21 m2,
rather than on the order of 10−18 m2 in the dry reference state.

In Fig. 12, we observe a significant, yet limited, increase in gas perme-
ability due to the splitting test: at low confinement Pc = 3 MPa, Kgas in-
creases from an initial 4.5x10−21 m2 to 1.0x10−20 m2 at 300 μm/m,
i.e. by 2.2 times; at the maximum confinement Pc = 30 MPa, Kgas in-
creases from an initial 4.1x10−21 m2 to 6.3x10−21 m2 at 300 μm/m,
i.e. by 1.5 times. This means that until as high a strain as 300 μm/m,
the test has created micro-cracking only. Indeed, a macro-crack would
have induced a significantly stronger increase in gas permeability
[13]: for CEMI or CEMV-based HPC samples, which are initially macro-
cracked by a Brazilian splitting test (as here), gas permeability ranges
between 0.9 and 32x10−15 m2, whereas 105 °C oven-dried gas perme-
ability is on the order of 10−18 m2 (i.e. 2 to 3 orders of magnitude
lower) [24]. Moreover, for UHPFRC, the decrease in gas permeability
with increasing Pc occursmainly between 3 and 5 MPa: it then remains
virtually insensitive to higher Pc increase, up to 30 MPa. This indicates
that most of the micro-cracks created by splitting are closed by a
small increase in Pc, from 3 to 5 MPa only. It is concluded that
UHPFRC has an excellent resistance to progressive micro-cracking, by
retaining its low gas transport ability up tomore than 300 μm/m tensile
strain.

As amatter of comparison, anOC sample has been subjected to split-
ting. Gas permeability results are plotted only up to 100 μm/m, since
its failure has occurred soon after this value (i.e. below 150 μm/m),
see Fig. 13. As for UHPFRC, the OC sample used in this experiment is
partially water-saturated, by more than 80%.

The increase in gas permeability is significant at Pc = 1 MPa, with an
initial value of 8x10−18 m2 and a value of 15.5x10−18 m2 at 100 μm/m:
micro-cracks created by splitting induce a significantly greater Kgas

(greater by 1.9 times). Moreover, contrarily to UHPFRC, whatever the
Fig. 12. Effect of tensile strains induced by a splitting test on UHPFRC gas permeability.
Tests were performed on the same sample, which is initially partially water-saturated.
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Fig. 13. Increase in gas permeability due to tensile stress for OC. The influence of confining
pressure, revealing the closure of cracks, is without ambiguity.
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tensile strain sustained, OC is sensitive to Pc increase: when Pc increases
from 1 to 30 MPa, Kgas is divided by 4 at 0 μm/m, and it is divided by
5.5 at 100 μm/m. This progressive closure of gas pathways is the signa-
ture of micro-cracking, which is already present initially, at 0 μm/m. For
Pc above 5 MPa, the decrease in Kgas with increasing Pc is parallel at 0
and 100 μm/m, hinting at identical gas pathway closure: themain differ-
ence is for Pc between 1 and 5 MPa, which corresponds to the closure of
the solemicro-cracks created by splitting. Similarly, for UHPFRC, the sen-
sitivity of Kgas to Pc is within the range 1–5 MPa: for Pc above 5 MPa, Kgas

remains almost unchanged, as UHPFRC does not exhibit initial micro-
cracks or defects. For both OC and UHPFRC, the sensitivity of Kgas to con-
finement is maximal in the range of confining pressures corresponding
to the closure of cracks initiated by the splitting test (i.e. for Pc = 1 to
5 MPa).

A previous theoretical and experimental study [13] has shown that
the sensitivity to confinement is related to the crack aspect ratio. Let
then consider that the OC exhibits an initial heterogeneous cracking.
The closure of these cracks occurs at different confining pressures,
which justifies the decrease of gas permeability in thewhole range of ap-
plied confining pressures (Pc = 1–30 MPa). On another hand, tensile
loading (due to the Brazilian test) induces a sensitivity of Kgas to confining
pressure, which is only visible in a narrow range of loading (between 1
and 5 MPa): this is attributed to a more homogenous cracking (in term
of cracks aspect ratio and orientation).

3.5. Consequences for the protection of aging containment structures of
nuclear reactors

This study has shown that after partial to full drying, diffuse damage
and localized cracking, the UHPFRC proposed by Lafarge company is
able to retain sufficiently low gas transport properties (gas permeability
Kgas = 10−18 to 10−17 m2), so as to remain in the “very high” to “high”
durability range of concretes, as proposed by [7]. Despite accelerated
aging (imposed by drying, diffuse or localized damage), the sensitivity
of UHPFRC permeability to mechanical loading (i.e. confining pressure)
changes is also very limited. Further validation of this material for
increasing the durability of containment structures of nuclear reactors
requires changing the scale, to a structural level, by analyzing the dura-
bility of entire UHPFRC slabs glued on actual containment walls, which
will be done in further research.

4. Conclusion

This experimental study has focused on a Fibered Ultra High Perfor-
mance Concrete (UHPFRC) designed to be affordable for Civil Engineering
applications. Our aim was to investigate its durability after progressive
accelerated aging: partial drying, 105 °C oven-drying, 200, 300 or
400 °C heat-treatment and progressive splitting (by a Brazilian test).
UHPFRC is compared to a standard mortar (M1) and to an ordinary con-
crete (OC). Our key experimental tool to assess durability is gas perme-
ability under varying confinement, coupled to porosity measurement
under varying confinement, MIP and SEM analysis to assess microstruc-
ture changes.

4.1. Basic durability assessment

Whereas usual UHPFRCs comprise pozzolanic additions and are
cured thermally, this UHPFRC is not, and it is significantly more porous
(by 9–10%). Its porosity places it in the “good durability range”. As a du-
rability indicator, porosity alone is not sufficiently reliable for UHPFRC.
Indeed, 74% of UHPFRC porosity comprises pores smaller than 4 nm,
i.e. located within the C–S–H. From a gas transfer point of view, 105 °C
oven-dried UHPFRC lies in the range of “very high durable materials”,
with an average Kgas = 10−18 m2. By directly assessing the ability of
fluid transport through the porous medium, gas permeability describes
a better durability for UHPFRC than porosity alone.

4.2. Effect of accelerated aging on concrete durability

Diffuse damage produced by heat-treatment up to 400 °C features
limited de-bonding at the fiber/paste interface, which increases its gas
permeability up to 10−17 m2 at 6 MPa confining pressure Pc: this is sig-
nificantly smaller than for OC or for mortar M1, which Kgas increases
respectively by 13 and 37 times at Pc = 6 MPa when compared to the
dry reference state (105 °C oven-drying). Simultaneously, porosity
under confinement increases from 9 to 12% (at Pc = 2 MPa) after
400 °C heat-treatment.

Finally, from splitting test data, fibers are shown to be very efficient
to provide UHPFRC with enhanced tensile resistance. Simultaneously,
gas permeability of UHPFRC remains virtually identical, while sustain-
ing more than 300 μm/m tensile strain; on the opposite, OC sustains
ca. 100–150 μm/m and is more sensitive to Pc changes. For both OC
and UHPFRC, the main decrease in Kgas is observed at low confinement
(1–5 MPa), which is attributed to the closure ofmicro-cracks created by
progressive splitting.
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