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Abstract

The study of moisture transfer inside building materials is an important issue in building physics. The hygric
characterization of such materials has become a common practice for the estimation of the hygrothermal per-
formance of buildings. However, their aging caused by mechanical loading and environmental factors inevitably
affects their permeability to moisture ingress, and the knowledge of how this permeability is affected by damage
and cracks is still incomplete.

The effects of diffuse damage caused by mechanical loading on the water vapour permeability of fibre-reinforced
mortar were studied. A full experimental setup is presented including observation of the porous structure, me-
chanical, and hygric characterization. Uniaxial tensile loading was applied on prismatic samples while their dam-
age level was measured. Then, the moisture content of damaged and undamaged samples was monitored during
variations of ambient relative humidity. Two numerical methods are presented and used for the comparison of
the water vapour permeability of multiple samples presenting various levels of damage. By this methodology, dif-
fuse damage caused by mechanical loading is shown to have an impact on the water vapour transfer inside the
material.

Keywords damaged porous media; moisture transfer; water vapour permeability; diffuse damage

1 Introduction

The study of moisture transfer inside building materials is an important issue in building physics, as it influences
the durability and sustainability of structures, the health and comfort of the residents and the thermal performance
of the inner and outer walls. Owing to the necessary reduction in energy consumptions, new thermal insulation
systems will need to prove their efficiency over their life span.

Coupled heat and moisture simulations prior to a building construction have become an important part of its
design and a condition for its energetic efficiency. Since the first questionings on the subject, various methods
were developed for the experimental determination of the equilibrium moisture content and permeability of con-
struction materials. However, the material description in simulation tools is often based on hypothesis such as

*Electronic address: simon.rouchier@insa-lyon.fr; Corresponding author



anisotropy and constant transfer properties of the materials. While these assumptions could be accurate at the
time of construction of a building, they could be a strong source of calculation errors as the building ages and its
components start to present various forms of degradation. Fractures in cementitious materials can be caused by
various phenomena: compressive and tensile mechanical loading and fatigue phenomena causing progressive mi-
crostructural dislocations [Elaqra et al, 2007], cyclic expansion of the material due to thermal cycles, degradation
caused by sorption and desorption cycles, transport of reacting chemicals through water such as chloride ions.
Microcracking first occurs during the maturation and hydration processes in Portland cement as a result of drying
shrinkage [Bazant and Raftshol, 1982]. As a consequence, defects are already distributed at early age in concrete
or mortar and represent a base for further cracking.

The focus here is on mechanically induced damage mechanisms and their impact on water vapour permeabil-
ity. Building material durability studies tend to describe the degradation of semi-brittle materials such as concrete
in two phases [Mazars and Pijaudier-Cabot, 1996] : damage mechanics [BaZant and Oh, 1983] for the description
of diffuse microcracking and fracture mechanics for the growth of a macroscopic crack subsequent to a strain-
softening behaviour. In both cases, cracks have been shown to have a significant impact on transport processes in
concrete [Aldea et al, 1999, Wang et al].

Depending on the nature and geometry of the crack network, several approaches have been developed for
flow modelling in fractured porous media [Berkowitz, 2002]. Discrete fracture models, suited for macroscopic
fractures or close-range modelling of cracks, allow taking into account detailed transport phenomena and mois-
ture exchange between the porous medium and the fractures. Some methods allow simulating the effects of
moisture on the evolution of crack opening and the mechanical behaviour of porous materials [Roels et al, 2006,
Réthoré et al, 2007]. However, such models require an exhaustive material description and mechanical character-
ization prior to flow simulations.

Equivalent continuum models on the other hand can be suited for damaged building components with a
high number of well-distributed microcracks. Recent studies [Pijaudier-Cabot et al, 2009] have shown the con-
sequences of diffuse micro-cracking on the intrinsic permeability of concrete during mechanical loading or after
unloading. The liquid and gaseous conductivity of cementitious materials can be significantly increased before
the formation of a macroscopic fracture. However, moisture transport in building materials is not only caused
by the displacement of a continuous liquid phase which can appear in case of rain, but is also caused by water
vapour gradients and sorption processes in the hygroscopic range. The complete understanding of the influence
of damage on these processes requires experimental characterization and numerical modelling methods.

A complete experimental setup starting from material elaboration up to mechanical loading and hygric char-
acterization has been developed. Coupled with appropriate numerical tools, this methodology allowed estimating
the effects of damage on the water vapour transfer properties of a glass fibre-reinforced mortar. This article starts
with the outline of the methodology. Two methods are then explained for the estimation of hygric transport prop-
erties based on transient measurements of mass uptake in the mortar samples. The results are then displayed, and
finite-volume simulations are shown to give an estimate on the possible consequences of diffuse damage on the
dynamic hygric behaviour of a building component.

2 Methodology

The experimental setup elaborated in order to investigate the effects of diffuse cracking on the water vapour per-
meability of mortar is first described in this section.

2.1 Material

The material used for all tests is a commercial formulation (Lafarge, MAITE monocomposant) used for external
thermal insulation composite systems [Chalencon et al, 2010]. It is a Portland cement mortar including dry re-
dispersable polymer systems with a water to dry material weight ratio of 0.16 and reinforced with 1% weight of
glass fibres. While cement particles are dissolved and hydrated, polymers are dispersed in the liquid phase, and
form a continuous solid network with the formed hydrates and the unreacted cement or fillers. Earlier studies
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Figure 1: Upper-left image: pore intrusion (dots) and extrusion (circles) diameter distributions measured by mer-
cury intrusion porosimetry. Other three images: SEM observations of the mortar including dispersed polymers

[Chalencon, 2010] proved that during tensile loading, the material shows a non-brittle behaviour, developing pro-
gressive diffuse cracking before the formation of a main macroscopic fracture. The sand and cement were mixed
with water for a minute before incorporation of the glass fibres and two more minutes of mixing. The paste was
then moulded into prismatic samples of 500 g and approximately 300x100x10 mm, and kept two days at a 90%
relative humidity to prevent excessive water loss of the cement paste. The samples were then unmoulded and
kept for 21 days of maturation at 50%RH: the mechanical behaviour of fibre-reinforced mortar resulting from this
maturation procedure are known [Chalencon et al, 2010].

After maturation, and prior to its mechanical and hygric characterization, the porous structure of the material
was observed by mercury intrusion porosimetry (MIP) and scanning electron microscopy (SEM), as shown on Fig.
1. The material has an open porosity of approximately 40% and an average density of 1450 kg.m 3.

Fig. 1 shows the mercury intrusion profile (below) with a pressure up to 400 MPa, accessing pore diameters of
down to 3 nm. The upper curve is the extrusion profile from this point, showing a hysteresis behaviour. As shown
by the MIP profile, most of the pores are accessible by cavities and channels between 1 and 10 ym of diameter. An
important part of the pore volume is also present at smaller scales, as the slope of the intrusion profile is still im-
portant near the limit of mercury porosimetry. SEM images have confirmed the multiscale nature of the porosity:
200 pm circular pores, shown on the upper-right SEM image, are connected by channels in the range of 1 to 10 yum
diameter, shown on the lower images, and the hydrates include nano-porosities.

All results presented in Sect. 4 concern three series of 16 samples. Since the conditions of sample manufactur-
ing, ambient humidity and temperature in the laboratory can differ from one day to another, all comparisons of
samples, in terms of hygric or mechanical properties, were made between samples of the same production series.
This was to make sure that the measured differences in permeability were not due to outside factors.
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Figure 2: Stress-strain profiles on a full tensile loading (left) and on three tests interrupted before peak strain (right):
(@) Eg =2.75 GPa, (b) E, = 1170 MPa, (c) E, = 859 MPa, (d) E, = 782 MPa

2.2 Mechanical characterization

After maturation, the prismatic samples were damaged by tensile loading beyond their limit of elasticity, using a
5 kN force cell imposing a constant displacement speed of 1 mm/min. As a first step, the full tensile response of
the mortar was observed with a full mechanical loading for the estimation of the peak strain (see left side of Fig.
2). Repeated observations, earlier confirmed by stereocorrelation [Chalencon, 2010] showed that a macroscopic
fracture initiates during the strain-softening phase subsequent to the peak strain €eq.

In order to apply diffuse microscopic damage on the samples before hygric characterization, tensile loading
on the tested samples was manually interrupted before the peak strain, as shown on the right side of Fig. 2. The
diffuse damage induced by this mechanical loading was characterized by a single scalar value D, defined as the
relative change in their Young modulus [Mazars and Pijaudier-Cabot, 1989]:

p=1-Le m
Ey
where E| is the initial elastic modulus of a sample and E, is its effective modulus after unloading, as shown with
dotted lines on Fig. 2. D spans from 0 for undamaged materials to 1 for fully fractured samples, although this value
is not reached within the frame of this study.

Among the tested series of samples, the value of the scalar damages reached with tensile loading span from 0
(samples kept intact) to 0.7 (before peak stress), higher damage being difficult to reach without causing a macro-
scopic crack initiation, i.e. the appearance of alocalized crack of over 100 um aperture, in which case an equivalent
permeability cannot be defined over the surface of the sample. After unloading, the central part of each plate was
used for hygric characterization in a climatic chamber.

2.3 Hygric characterization

Samples of dimensions 100x100x10 mm were extracted from the plates after unloading and insulated to mois-
ture on all faces but one with aluminium tape, as shown on Fig. 3. Only the upper face was left unsealed, so
that mass transfer could be considered unidimensional in all tests. The samples were then placed on up to eight
weighing systems inside a climatic chamber, continually recording their mass without the need to take them out
of the chamber, thus avoiding disturbances in the ambient humidity level. The systems can measure mass with a
precision of 10~3g, and were set to provide averaged values of 20 consecutive weighings every 10 s to reduce noise
effects in the results. The inside of the chamber is ventilated by a fan which ensures a homogeneous distribution
of RH and temperature. This was confirmed by distributing probes prior to the test as to test the ability of the
chamber to recreate a stepwise change in relative humidity in isothermal conditions. The average recorded time
for the humidity to stabilize after a change in the set point was 14 min. The maximal deviation of temperature from
its expected value was 0.4 K.

The hygric characterization of the fibre-reinforced mortar was run inside the climatic chamber following two
different pre-programmed variations of relative humidity as shown on Fig. 4. Each of these programs served as
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Figure 3: Sketch of the sample extraction from the loaded plates and Hydrodyn experimental setup developed in
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Figure 4: Relative humidity programs inside the climatic chamber, respectively method 1 (left) and 2 (right)

basis for the estimation of the water vapour permeability of the material, as explained below. In both cases, a
constant humidity of 50% is imposed during the first 48 h, in order to reduce the mass uptake rate before the start
of the stepwise variations. Although equilibrium is not strictly reached, the mass variations at the end of these 48
h are negligible in comparison to the uptake rate after a sudden change in hygric boundary conditions.

The first program followed the Nordtest protocol [Rode, 2003], which was originally proposed for the definition
and experimental characterization of the moisture buffering capacity of building materials. The purpose was to
produce successions of high and low humidity phases, similar to either outdoor or indoor conditions in build-
ings, and to observe the rate and amplitude of the variations of moisture content in the materials. In this case,
the chamber imposed cycles consisting of a high humidity step (8 h at 75% relative humidity) and a longer low
humidity step (16 h at 33% RH) at a constant temperature of 23°C (see Fig. 4). These 24 h sequences were repeated
over several days, until two successive days of measurement presented the same variations of moisture content.
The recorded mass uptake in a mortar sample during steps of higher humidity was used as basis for the estimation
of its permeability, as described in Sect. 3.2.1. This approach also gave a direct outline of the behaviour of the
material in ambient humidity conditions approaching in situ building conditions.

The second program shown on Fig. 4 was a single step from 50 to 75% relative humidity. The recorded mass
uptake as a response to this step was interpreted following Sect. 3.2.2. This program allows estimating the perme-
ability, and moreover gave a theoretical value of the equilibrium water content and the surface transfer coefficient,
as explained below.

Both methods are based on the assumption that the equilibrium moisture content of the material was not af-
fected by damage. In order to confirm this hypothesis, the total mass uptake from 50%RH to 75%RH was measured
in intact and damaged samples, in addition to the measurements of water vapour permeability. Hysteresis effects
between the sorption and desorption profiles were not considered, since all permeability estimations were based
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3 Methods for the estimation of moisture permeability

3.1 Isothermal moisture transport equation

The modelling of transfer through porous building materials for the study of their hygrothermal performances
runs through Heat, Air and Moisture (HAM) transfer models which are based on the resolution of up to three cou-
pled transfer equations, respectively, for heat, air and moisture balance [Hagentoft 2001]. Air flow occurs through
building components in case of atmospheric pressure fluctuations or differences between the indoor and outdoor
pressures, and can have a strong influence on heat and moisture transfer. This is shown by additional convective
terms in their respective transport equations. Whereas air pressure can have a significant influence on the drying
processes of concrete [Mainguy et al, 2001], the characterization of moisture transport properties of a material re-
quire the hypothesis of a constant atmospheric pressure, which is often the case in the modelling of coupled heat
and mass transfer [Janssen et al, 2007] or in the modelling of material properties [Scheffler and Plagge, 2010].

The conservation equation for the water content w inside a building component includes terms for moisture
transport through vapour diffusion in the gaseous phase g, and through the displacement of a liquid phase g;,
which are usually expressed separately:

ow

5 =V (g0 +81) @
Under the hypothesis that air transfer does not occur, the water vapour transfer is driven by a gradient of water
vapour pressure p,, and liquid water transfer is driven by a gradient of capillary pressure p..

gv= _6pvpv 3

81=-KiVpc (4)

where 6, and K; are respectively the water vapour and liquid permeabilities of the material, expressed in unit
[kg.m~!.s7!.Pa™!] or (s). The term & p is sometimes depicted in the literature as the water vapour diffusivity of the
material, as it is related to the diffusivity of water in air D, , as follows:

1Dy,

p_uRT (5)

where R is the specific gas constant of water vapour, T the temperature and u the so-called resistance factor of the
material, which describes the rate of diffusion of water in air through the porous network. Because of dimension-
ality arguments, 6, is here referred to as water vapour permeability. Water vapour transfer is prevailing over liquid
transfer in the lower humidity range, in the absence of a continuous liquid phase in the porous network. Liquid
transfer is prevailing in the opposite case, for instance when a building component is in contact with wind-driven
rain, or for the study of the drying processes of concrete [Mainguy et al, 2001, Baroghel-Bouny et al, 1999].

To model both phases as driven by the same potential (usually p.) for numerical applications, the Kelvin
formula can be used to relate both pressures, although the formulation of their spatial and temporal deriva-
tives leads to additional coupling terms in the equation [Janssen et al, 2007]. The estimation of the liquid per-
meability K; of non-damaged materials can be achieved through network models [Xu et al, 1997, Xu et al, 1997,
Carmeliet et al, 1999], which allow to extract the intrinsic or relative permeability of the material from the moisture
retention curve or from experimental characterization methods of the material microstructure such as mercury in-
trusion porosimetry.

The vapour exchange at the surface of a sample is described by a convective mass transfer coefficient k), :

5p (va'n) = hp (pv,ext_pv) (6)

where p, o is the ambient water vapour pressure and n the normal vector of the surface. The convective coef-
ficient hj, characterizes the boundary layer at the surface of the sample and is a function of multiple parameters



such as the moisture concentration, the air velocity or the presence of turbulence. Its accurate modelling is usually
challenging, and a closer look on methods for its experimental measurement can be found in [Kwiatkowski, 2009].
The methods presented below for the estimation of §,, deal with this matter as follows: in method 1 (square root
of time), the surface layer resistance is neglected, whereas the value of k), is estimated by method 2 (analytic reso-
lution of the conservation equation).

3.2 Water vapour permeability from experimental measurements

The focus here is on the water transfer in the gaseous phase, which largely prevails in the hygroscopic humidity
range considered in this study. Two different methodologies are presented for the derivation of the vapour perme-
ability from the mass uptake measurements of the samples placed in a climatic chamber with stepwise changes in
relative humidity.

Various methods have already been proposed in the literature for the derivation of moisture permeability of ce-
mentitious materials from stepwise sorptive or desorptive measurements [Garbalinska, 2006, Anderberg and Wadso, 2008].
Two methods were implemented here as they appropriately cope with the experimental procedure described
above. The first method presented here consisted in relating the permeability 6, to the slope of the adsorption
rate after a stepwise change in ambient relative humidity, plotted versus square root of time. It allowed compari-
son of several samples placed without any need of longer experimental times. The second method was based on
an analytical resolution of the simplified moisture transport equation.

3.2.1 Method 1: square root of time

The notion of moisture buffer value (MBV) of a building material was introduced as part of the Nordtest project
[Rode, 2003] which aimed at finding an appropriate measure for the adsorption and release of moisture by hygro-
scopic materials subjected to daily environmental fluctuations. The MBV is connected to the moisture effusivity
b, which is an indicator of the rate of moisture intrusion after a given change in the boundary condition.

ow 6;96
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where ¢ = dw/d¢ is the slope of the sorption isotherm, or moisture capacity (¢ being the relative humidity), and
Psar is the saturation pressure of water vapour in air.

Shortly after a stepwise change in ambient relative humidity, a fairly accurate approximation is to consider the
instantaneous mass uptake rate in a specimen g, as proportional to the ratio of effusivity to the square root of
time [Rode, 2003]:

bm
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where ¢ is the elapsed time since the change in the moisture boundary condition. Equation 8 holds as long as

the moisture penetration depth does not exceed the sample thickness. In the present study, time steps of 8 h are

performed and this assumption is considered valid in regards to the expected value of the permeability and the
sample thickness.

Equation 8 is made possible under the assumption that relatively small humidity steps are considered, and
that the moisture resistance caused by the boundary layer at the surface of the material is small in comparison
to the water vapour resistance of the material itself. Under these hypotheses, it is possible to find a relation of
proportionality between the measured mass uptake Am of a sample during a humidity timestep after a time ¢ and

its permeability 0 :
A t o
_mzf gmdr o< 1/ ”"t\/? €)
S 0 Psar

where S is the exposed surface of the sample. This surface of contact with the environment is prevailing over the
volume of the sample for the mass uptake rate, as long as the sample thickness exceeds the moisture penetration
depth for the fluctuations at stake. Equation 9 states a relation of proportionality: absolute values of permeability

(8)




cannot be estimated by this procedure but relative variations could be measured between several samples which
were subjected to the same humidity steps. If we express the ratio of expression 9 for two material specimens
represented by subscripts 1 and 2, the relation yields:

Sp161 _ (Amlé)z
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It is therefore possible to estimate the relative evolution of the permeability with the development of damage com-
pared to its value for the intact material, under the assumption that the slope of the sorption isotherm ¢ is not
influenced by the presence of fractures, which is relevant with the usual observation that cracks do not partici-
pate in the equilibrium moisture content of a material, especially one with relatively high porosity as is the case
in this study. In method 1, the permeability is computed using Eq. 10 after the mass uptake recorded during
each period of high humidity of the Nordtest protocol, assuming that the moisture content distribution is close
to homogeneous at the end of a low humidity step. This method however only allows estimating ratios between
permeabilities of several samples, rather than their absolute values.

(10)

3.2.2 Method 2: analytic resolution of the transport equation

A second procedure is proposed for the derivation of § , from mass uptake measurements, which theoretically also
allows for a simultaneous estimation of all three parameters needed for mass transfer simulations: permeability
0p, moisture capacity ¢ and convective mass transfer coefficient at the surface of the sample /,,. The method is
based on an analytical resolution of the moisture transport equation under following assumptions:

¢ the moisture transfer is one-dimensional
¢ the permeability and moisture capacity are constant in the observed humidity range
¢ coupling terms induced by air and heat transfer are neglected

The second hypothesis restricts the procedure to alimited interval of relative humidity, which must also not exceed
a certain value above which the sorption isotherm becomes strongly non-linear. In this case, this interval will be
50%-75%. As a consequence of these simplifications, the Eq. 2 becomes:
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Equation 11 is similar to one-dimensional heat transfer through solids and can be analytically solved [Polifke and Kopitz, 2005,
Garbalinska et al, 2010] for a sample of thickness L, exposed on one surface and insulated on the other, and initially

placed at a uniform moisture content wy :

L
mzf(w(x, 1) — wp)dx (12)
0
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m=LEND (13)

where m is the mass increase by unit surface of the sample since the beginning of the humidity step A¢. This
formulation is summed over a series of increasing numbers a; defined after the hygric Biot number Biy,. This
number is defined similarly to its thermal equivalent (see for instance [Polifke and Kopitz, 2005]) as a measure of
the comparative influence of the surface transfer resistance to diffusion phenomena across the sample of width L:

Bi
i — tanak (].4)
a
h,L
Bij, = —— (15)
619



Table 1: Average value Aw and standard deviation Aw of the equilibrium moisture content variation from 50%RH
to 75%RH

Aw [kgm™] Aw [kg.m™3]
D =0 (8 samples) 6.27 0.63
D > 0 (6 samples) 6.12 0.47

The a; numbers are of decreasing influence on the result of the expression 13 and a sufficiently accurate result can
be reached by considering only the first 5-10 terms of the series, depending on the material.

A Levenberg-Marquardt algorithm [Marquardt, 1963] is then applied for the estimation of the transport prop-
erties by correlating the non-linear Eq. 13 with mass uptake measurements by the least-squares method. This
algorithm is based on the iterative resolution of the following system of equations:

(0], wpsr =T}, [Mexpi — m(up, 1)) (16)

where the subscript n indicates the iteration, m,yp,; is a series of experimental measurements at the time coor-
dinates ¢;, u is the vector of the parameters (8,,¢, hp) and J is the matrix of the derivatives of m with respect to
u:
om(u, t;)
Jijj=—F— a7
ou j
The expressions of dm /06, 0m/0h, and dm/d¢ are required in this expression and can all be derived analytically
from Eq. 13.
This procedure requires a sufficient input of mass measurements .y, ;, preferably evenly spaced along the
humidity step. It theoretically allows the calculation of all parameters influencing the water uptake rate of the
specimen, but might lack of accuracy when attempting a simultaneous estimation of all three, due to the approxi-

mations. These matters will be addressed in Sect. 4.2.2.

4 Results and discussion

Each of the two methodologies presented in Sect. 3.2 was applied with its corresponding humidity program in
order to simultaneously measure the permeability of sample series. The advantages of each method are compared
and summed up as a conclusion.

4.1 Equilibrium moisture content

To confirm the assumption under which fractures have a negligible impact on the sorption isotherm of fibre-
reinforced mortar, the equilibrium weight of intact and damaged specimen was measured at two humidity points
(50 and 75%RH). The samples were first put in a stable 50%RH environment until complete equilibrium was
reached (defined as two identical consecutive weighings at 48 h time interval). The same measurements were
then performed at 75%RH. The results are displayed in Table 1.

Although this data did not represent a full characterization of the sorption isotherm, they did confirmed the
hypothesis made. Indeed, the porosity of the studied material being relatively high, its specific area was globally
not impacted by smeared cracks. These measurements also allow an other assumption: the total mass uptake
under 75%RH is quite low and allowed assuming that no continuous liquid phase has appeared in the porous
network, thus validating the present methodology for the estimation of the water vapour permeability.

4.2 Water vapour permeability
4.2.1 Method 1: square root of time

Under the hypotheses formulated in Sect. 3.2.1, the permeability of the samples placed in the climatic chamber is
proportional to the square of the slope of mass uptake versus square root of time after a stepwise rise in ambient
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Figure 5: Profiles of mass uptake versus square root of time after a stepwise increase to 75%RH. The correlation
coefficients of the linear approximations for D = 0 and D = 0.22 are respectively 0.9772 and 0.9329

Z 15} J[
RS S
e i
g
B
EO.S’

06 0:2 0:4 016

Damage

Figure 6: Average relative permeability calculated with method 1 (crosses) and method 2 (circles); the vertical lines
show the standard deviation of method 1 over the series of measurements.

relative humidity. Such a mass uptake during one of the high humidity steps of the Nordtest protocol is shown for
two samples in Fig. 5, along with a linear approximation.

Each time the humidity program was started, some of the scales in the chamber were occupied by non-damaged
samples and the remaining scales by variously damaged samples. Each one is characterized by the ratio of its mass
uptake rate to the mean mass uptake rate of the intact samples during high humidity phases of the Nordtest pro-
tocol. After 48 h at 50%RH, the protocol runs during 5 days. The value of the relative permeability is computed
in all samples based on each high humidity step of 75%RH. The result for each sample, displayed on Fig. 6, is the
averaged permeability over these five consecutive mass uptake measurements.

According to this definition, the value of the averaged relative permeability was set to 1 for D = 0. Each point
of Fig. 6 represents one of the samples and its relative permeability presented on the graph is the mean value for
all the high humidity steps it has been subjected to, in order to reduce the uncertainty of the mass measurements.
The progressive wetting and drying steps of a same series of measurements may have an influence on the gap in
mass uptake between intact and damaged samples, though such a trend was not captured here.

A trend can be observed, showing a potential permeability increase of up to 50% in the material before macro-
scopic fracture propagation. Although the uncertainties are quite high due to the high heterogeneity of the mate-
rial and the characterization of damage by a single value for the entire surface of the sample, measurements have
shown an increase of permeability for the earlier stages of damage, followed by a decreasing trend for higher values
of D. A possible explanation for this behaviour is a damage process occurring in two phases: at first, a smeared pat-
tern of microscopic cracks, perpendicular to the exposed surface, extends through the porous network, increasing
its connectivity and allowing a faster vapour adsorption in the intact parts of the material. The assumption that
cracks do not affect the sorption isotherm implies that they are wider than the largest pores in the virgin ma-
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Figure 7: Mass measurements during one day of the Nordtest program and corresponding profiles computed by
finite volume simulations

terial. At further loading stages, the exposed crack surface reaches a maximum value, thus no longer involving
an increase in permeability. The observed subsequent decrease of permeability with increasing damage, though
seemingly contradictory, can be explained by the propagation of a macroscopic fracture which causes neighbor-
ing cracks to close, thus reversing the process of increasing pore network connectivity. The crack development in
this material under compression has previously been analyzed by [Elaqra et al, 2007] and showed similarities with
such observations.

Since damaged have induced an increase of up to 50% in water vapour permeability, finite volume simulations
were run in order to find out whether such an increase could imply a significant change in the daily moisture con-
tent fluctuations of the material submitted to the Nordtest protocol, even when considering the sorption isotherm
unchanged. The transport equation for moisture transfer was implemented into a simple algorithm using 1-D fi-
nite volume method with an implicit temporal discretization. The setup of the simulations was the same as in the
experiments (see Fig. 3). The humidity profile within the material was computed at each time step and summed
over the domain to obtain the total water content per unit surface versus the time of the simulation. Results of
these simulations are shown on Fig. 7 for a 24 h phase. Results are displayed as a mass uptake by unit surface.

The procedure is as follows: the mass profile of a raw sample (D = 0, crosses) is approximated by setting a value
of §,, by trial and error in the simulations. The simulations are based on the previously measured value of ¢ from 50
to 75%RH, and on an empirical value from 50 to 33%RH: this lower value of { was set so that the mass profile of the
undamaged sample fitted the measurements. Therefore, eventual hysteresis effects are expected to be included by
the setting of the lower value of {. Once a close fit was reached for the intact sample, the permeability was raised
by 50% in order to simulate mass uptake in a damaged sample, which was compared to the measured mass profile
in a sample of relative permeability of 1.5 (D = 0.57, circles).

Both simulations and experiments confirmed an increase of 50% in permeability, caused by microcracking,
results in a 20% higher amplitude of the daily moisture fluctuations. It must be noted that such an increase in the
amplitude of fluctuations was reached although the equilibrium moisture content was considered unchanged by
any amount of damage imposed to the material.

4.2.2 Method 2: analytic resolution of the transport equation

In addition to the study of adsorption during daily humidity cycles, the permeability was also estimated by at-
tempting to coincide expression 13 with the measured mass uptake during a high humidity step. For this study,
the climatic chamber program imposed a single 24 h stage of 75% relative humidity, following a supposed equi-
librium state of 50%RH. These measurements are then used as an input for the Levenberg-Marquardt algorithm
presented in Sect. 3.2.2 for an estimation attempt of (¢, h,,6 ). Although the surface transfer coefficient h,, is nota
material property, its value is unknown for the present experimental configuration (ventilated climatic chamber).
For the sake of this methodology, the slope of the sorption isotherm ¢ is considered constant in this humidity in-
terval. This assumption is reasonable in regards to the relatively low measured value of the equilibrium moisture
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Table 2: Final computed values of the moisture permeability

D 0 0401 0497 0689 0.697
6, (x107 [kgPa 'm™'s7!]) | 846 1063 10.79 923  9.96

content at 75%RH. The procedure for calculating transfer properties consists in three steps:
1. The algorithm is first run considering all three parameters as unknown.

2. The slope of the sorption isotherm ¢ is set to a known value, as it was previously measured in this humidity
range, and the algorithm is then run considering the two remaining parameters as unknown.

3. The surface transfer coefficient was set to its average value calculated at step 2, and the algorithm was then
finally run for the calculation of the permeability 6, only.

The first step, simultaneous estimation of all parameters, resulted in estimates of the moisture capacity ¢ far
from their measured values. Such an estimation of the moisture equilibrium content based on only 24 h of mea-
surements was quite inaccurate. A similar method for simultaneous approximation of the sorption isotherm and
permeability based on a stepwise change in relative humidity was recently presented by [Anderberg and Wadso, 2008]:
the diffusion coefficient can be estimated within the first hours of measurements from the slope of the mass uptake
curve versus square root of time. The sorption isotherm however is obtained from extrapolation of the equilibrium
mass before it is reached, and an early interruption of the measurements usually leads to an inaccurate estimation.
Similar results are found in this study, as trying to calculate ¢ from only 24 h of mass uptake measurements results
in erroneous estimates of the sorption isotherm.

The second step corrects this fault by setting a similar value of £ for all samples, which has been measured prior
to the tests. The algorithm is then used to estimate the surface transfer coefficient and the moisture permeability.
This simplification is made possible by the fact that the slope of the sorption isotherm is assumed to be undis-
turbed by the presence of cracks and therefore is not considered a function of D. Five samples were used for this
step of the calculation. An increase in the water vapour permeability with increasing values of D could be noticed,
although different values of h,, were also obtained for all samples.

The climatic chamber in which the samples are placed is well ventilated and it is likely that the surface transfer
coefficient should have similar values on all samples, as itis not a material property. The recorded values of i, have
an average of 3.0 x 1078 [kg.Pa~!.m~2.s7!] and a standard deviation of 6.33 x 1072 [kg.Pa~'.m~2.s7!]. Therefore, it
cannot be stated that the second step of the calculations results in an accurate estimation of the permeability.

The third step of the calculations is based on this average calculated value of h, and is run with §, as the only
unknown variable. Results of this last step are shown on Table 2 and Fig. 8. They were also included in Fig. 6 for
comparison with method 1.

These computations result in the same observations as in method 1: the water vapour permeability increases
with moderate values of D and tends to decrease for higher values, but clear trend cannot be observed.

5 Conclusion

Two methods were presented for the estimation of the influence of mechanical damage on the water vapour per-
meability of fibre-reinforced mortar. The main asset of these methods is to allow for comparison of multiple sam-
ples in which the adsorption rate is measured at the same time, without a prior knowledge of the equilibrium
moisture content.

The first method used in this study, based on alternative low and high humidity steps, gives a direct estimate of
the behaviour of the material placed in realistic climatic hygric conditions and allows to compare the permeability
of several samples which sorption isotherm is not necessarily known. The second method is directly based on the
resolution of the one-dimensional moisture transport equation and also allowed the estimation of the convective
mass transfer coefficient in addition to the moisture diffusivities of the samples.
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Figure 8: Mass uptake of damaged and undamaged samples during the first humidity step and fitting of the water
vapour permeability

In both cases, a trend can be noticed in an increase in water vapour permeability for earlier stages of damage,
followed by a plateau for medium values of D and a decrease at higher values. This can be explained by the fact
that the first signs of damage occur quickly once the applied stress exceeds the elastic strength of the material,
causing a drop in the global tortuosity of the porous network. Further loading then seems to increase the width of
these discontinuities rather than their number, which might explain a slower increase in permeability. At a further
point in the loading process, the stress distribution within the material tends to concentrate on a single crack tip
which, when propagating, will close neighboring microcracks. This caused previously opened paths for moisture
to close and may explain the observed decreasing tendency for the vapour permeability at high values of damage.
Loading stages beyond the peak strain have not been investigated here, but it is expected that the water vapour
permeability is far less influenced by macroscopic fractures than the liquid conductivity, which can rise on several
orders of magnitude between intact and cracked samples.

The increase rate of § , with the damage value is most likely to be influenced by the nature of the material itself,
as the degradation of the elastic modulus can be caused by various forms of microstructural dislocations or, in the
case of cementitious materials, of interfacial debondings. The particular formulation of mortar used in this study
was specifically designed as to be less brittle as standard cement paste and to present an important diffuse damage
before failure, so the observable increase in water vapour permeability might be different for other cementitious
materials.

This characterization of §, as a function of a scalar damage value, combined with studies on the evolution of
the liquid phase conductivity, can allow the numerical simulation of moisture transfer in existing buildings by a
continuum approach, covering the entire range of relative humidities, i.e. in both liquid and gaseous phases.

Further studies on the subject are to be lead, in order to confirm the increasing trend in water vapour per-
meability and relate it to observations of the microstructure based on non-destructive techniques applicable to
building materials, in order to dispose of quantitative measurements of the fracture network geometry to link with
the measured permeability of the medium at macroscopic scale.
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