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Abstract

In this paper, some aspects of the characterisation of liquid transfer during drying process of a porous ceramic by acoustic emission
(AE) technique are presented and discussed. Results are compared with the general theory of drying and a recent approach dealing with
thermodynamic modelling based on capillary stresses and hygromechanical coupling. The sensitivity of the acoustic emission technique to
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he energy release processes acting during liquid transfer in a porous material (sorption and desorption) has been emphasise
he experiments, the relationship between the AE characteristics recorded during the tests and the different mechanisms, whic
uring drying process, was underlined. Information deduced from AE measurements associated with other data obtained from
easurements enable to propose a qualitative description of drying chronology. The results show that this new application of the AE

ould be considered as a valuable tool to study the liquid transfer in a porous material.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Drying in ceramic processes, removal of water in clays
r consumption of water through hydration of cementitous
aterials, are situations where liquid transport processes in
orous media are involved.1–5 Understanding how liquid
ows through a porous body is an issue that has been studied
cademically in many different fields: soil mechanics,6 satu-
ated porous media for oil prospecting7 or storage of pollut-
ng agents.8–10Recent work concerns the characterisation of
ransfer moisture in building materials.11–16The experimen-
al approaches that have been developed are mostly based
n ultrasonic techniques.17,18 In the present case, we have
pplied acoustic emission (AE). Indeed, this technique is
ensitive to energy release phenomena that induce propaga-
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tion of elastic waves in a material submitted, for exampl
stresses. Example are on flaw formation and failure in s
tural materials submitted to compression or traction lo
leading to crack nucleation and propagation, phenome
multiple dislocation slip, twinning, grain boundary slidin
Barkhausen effect (realignment or growth of magnetic
mains), phase transformations in alloys, debonding of fi
in composite materials or fracture of inclusions in alloys.19–23

In the case of cements or plasters hydration and setting, w
drying is involved, data have shown that it is active in acou
emission.24

This paper is devoted to the study by AE of water
sorption in a porous ceramic material and it’s drying
ter impregnation with water. It is divided as follows:
different stages of drying, forces exerted on the solid
transport mechanisms within the liquid are develope
the second paragraph. The porous material and the a
tic emission technique are described in the third part.
results are divided into two sections: the first concerns

955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
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Fig. 1. (a) Schematic illustration of the general chronology of drying process for a pore. (b) Details about the first and second falling rate periods (from
Scherer25).

ter adsorption experiments and the second presents drying
tests.

2. General theory of drying

The principle of flow in porous bodies is relatively simple
but its analysis is rather complicated.25 Liquid flows through
a porous medium in response to a gradient in pressure. At
the same time, the pressure induces deformation of the solid
skeleton and dilatation of the pores through which the liq-
uid moves. To better understand the chronology of drying,
stages and driving forces involved in the process are detailed
below.

2.1. Chronology of stages

Considering a porous medium saturated with a liquid, the
drying process can be divided into three periods, as illustrated
in Fig. 1.

The first stage, called the constant rate period (Fig. 1a,
part B), is when evaporation occurs only from the surface
of the pore. During this stage, the rate of evaporation per

unit area of the drying surface is independent of time and is
the same as for a free water surface. The liquid/vapour in-
terface, or meniscus, remains at the exterior surface of the
body but its radius decreases continuously, due to evapora-
tion. The liquid is in tension and the solid phase is in com-
pression, which may cause shrinkage in deformable systems.
At the end of this period, called the critical point, the radius
of the meniscus becomes equal to the radius of the pore and
the compressive forces exerted on the solid are at the maxi-
mum.

The second step is called the first falling rate period
(Fig. 1b). Just beyond the critical point, the radius of cur-
vature of the meniscus is small enough to enter the pores
and the liquid recedes into the pores. During this period, the
rate of evaporation decreases and is sensitive to the ambient
temperature and vapour pressure. Compressive forces, and
consequently shrinkage, in deformable solids, virtually stop.
The liquid in the pores located near the surface flows to the
outside and evaporates from the external surface. At the same
time, part of the liquid can evaporate within the pores and the
vapour is diffused to the surface. This situation is charac-
terised by coupled effects, namely liquid flow and diffusion
of vapour.
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The third stage is called the second falling rate period
(Fig. 1b). As drying progresses, some of the liquid water
cannot reach the surface (due to the deep penetration of the
liquid meniscus in the porous network) and has to evaporate
within the pores. As the saturated area retracts into the body,
the solid skeleton is submitted to differential strains induced
by a gradient of stress in the medium (compression in the
saturated region is higher than near the drying surface).

2.2. Forces on the solid and transport mechanisms of the
liquid

Several forces can induce stresses on the solid body during
the drying process:

• The capillary pressure. During the first stage of drying, the
capillary pressure,Pc in the liquid, is directly related to
radius of curvature (R) of the meniscus throughLaplace’s
law:

Pc = −2γLV

R
(1)

whereγLV is the liquid/vapour interfacial energy (or sur-
face tension). The sign of the capillary pressure is related
to the sign of the radius of curvature. When the centre of
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whereρL andVm are the density and the molar volume of
the liquid,Rg is the ideal gas constant,T is the temperature,
pv is the vapour pressure of the liquid in the system andp0
is the vapour pressure over a flat surface of the pure liquid.

Two other driving forces can be also considered: the os-
motic pressure which is produced by a concentration gradient
in the liquid and the disjoining pressure dealing with short-
range forces resulting from the presence of a solid/liquid in-
terface. Analysis of these forces will not be developed here.

As we note in Section2.1, two kinds of transport processes
are involved during the falling rate period of drying: flow and
diffusion.

Fluid flow through porous media followsDarcy’s law
which affirms that the flux of liquid,J, is proportional to
the gradient in pressure in the liquid,�PL:

J = −D

ηL
∇PL (6)

whereD is the permeability (in units of area),ηL is the viscos-
ity of the liquid. The permeabilityD is also related, through
the Carman–Kozeny equation, to the relative density and the
s
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curvature is located in the vapour phase,R is negative,Pc
is positive and the liquid is in tension. The maximum c
illary pressure (PR) occurs whenR is sufficiently small to
enter the pore. The minimum value ofR for a cylindrical
pore with a radiusr is given by:

R = − r

cosθ
(2)

whereθ is the contact angle representing the wetabilit
the liquid. For real pores (non-cylindrical),PR is related
to the surface-to-volume ratio of the pore spaceSP/VP:

PR = (γSV − γSL)SP

VP
= γLV cosθ SP

Vp
(3)

whereγSV andγSL are the solid/vapour and solid/liquid i
terfacial energies. When examining the surface-to-vol
ratio of the pore, we can see that it is related to the spe
surface area of a porous body by:

SP

VP
= Sρsρ

1 − ρ
(4)

whereρ is the relative density,ρ =ρb/ρs, ρb is the bulk
density of the solid network (not considering the mas
liquid) andρs is the density of the solid skeleton.

We will see in the following of this study that th
surface-to-volume ratio of the pore has a notable im
tance to explain the chronology of drying.
The moisture stress. This stress also called moisture
tential, is the partial specific Gibbs free energy of a liq
pecific surface area, already defined before:

= (1 − ρ)3

5(ρSρS)2
(7)

he factor of 5 is empirical and corrects the non-circular
ion of real pores.

During evaporation, a part of the vapour is transporte
iffusion that obeysFick’s law where the diffusive flux (JD)

s proportional to the concentration gradient (�C):

D = −Dc∇C (8)

hereDc is the chemical diffusion coefficient andC the con-
entration.

. Experimental procedure

.1. Material

The porous material used in our work is a cylindr
ilica–alumina sintered ceramic sample, with a diamete
height of 100 and 10 mm, respectively. The porous ch

eristics have been measured by mercury porosimetry
urements (Autopores II micromeritics 9200). The cum
ive open porous volume is of the order of 33 vol.%. T
ore size ranges mainly between 70 and 80�m and 200 an
00�m and there is a small percentage of pores betw
and 20 nm (Fig. 2). A micrograph by scanning electr
icroscopy (Cambridge S260) reveals that the large p

orrespond to intergranular porosity while the small one
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Fig. 2. Porous volume and pore size distribution of the porous ceramic.

within the grains (Fig. 3). Lastly, the porous network of mi-
cron size is rather tortuous. In order to study adsorption and
drying phenomena, this porous material has been selected
because it has a large porous volume and consequently, the
surface developed by the interior of the pores is about 103

times greater than the outer surface of the ceramic.

3.2. Experimental set-up

The acoustic emission system used in this study is
a AEDSP-32/16 MISTRAS digital system from Physical

Acoustics Corporation. This system allows the waveform and
the main feature parameters well known in AE study such as
count, hit, rise time, duration of hit, count to peak, amplitude
(in dB), to be recorded.Fig. 4presents different AE features
extracted from the signal waveform.

The plug-in filter of this system has a bandwidth from 100
to 1200 kHz. Two sensors (PAC MICROPHONE R15), one
test sensor and one reference sensor, with a bandwidth from
50 to 250 kHz, are connected through preamplifiers (EPA
1220A). The reference sensor is used in order to record noises
due to the electromagnetic environment and to eventually

microg
Fig. 3. Scanning electron
 raphy of the porous ceramic.
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Fig. 4. Typical AE signal recorded with its associated characteristics.

subtract these parasite signals from the one recorded on the
test sensor. The preamplifiers provide 40/60 dB gain (switch
select) and operate with either a single ended or a differential
sensor. A coupling fluid (Dough 428 Rhodorsil Silicone) is
used to have an airless and flawless contact between the trans-
ducer and the specimen. For all the experiments, the samples
are placed in a special chamber, where the temperature and
the relative humidity (RH) are controlled (Fig. 5). Experi-
ments were conducted either at atmospheric pressure (1 atm)
or at a pressure of 10−2 atm.

Prior to experiments, the porous ceramic has been heated
at 110◦C for 1 h and then stored under dry nitrogen at room
temperature. This protocol has been applied in order to min-
imize the amount of water already adsorbed on the ceramic
surface before testing. Two series of experiments have been
carried out. In the first series, the ceramic is placed in differ-
ent relative humidities of water and different pressures and is

referred as “non-impregnated porous material”. In the second
series, the porous ceramic is impregnated with water under
vacuum for a minimum of 4 h and is referred as “impregnated
porous material”.

4. Results and discussion

4.1. Results for non-impregnated porous material

Prior to AE experiments on the porous ceramic, a first
test was carried out at 90% relative humidity and 1 atm on a
specimen of similar dimensions made with stearic acid which
is well known for its hydrophobic properties (no water ad-
sorption). Only one hit was recorded during a period of 20 h.
This result shows that our experimental configuration does
not generates any parasitic signal.

for dry
Fig. 5. Experimental setup
 ing testing of a porous ceramic.
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Table 1
AE features for non-impregnated porous media tested with different RH
levels

Pressure = 1 atm Hit rate (∂(Hit)/∂t)
(hits/h)

Cumulative
number of hits
after 20 h

RH
10% 1.4 25
40% 6.9 119
90% 32.9 657

4.1.1. Influence of the relative humidity level under
constant pressure (1 atm)

The first testing campaign was performed on the
ceramic—previously heated at 110◦C and stored under dry
nitrogen—placed inside the chamber at atmospheric pres-
sure (1 atm) with three relative humidities, namely 10, 40
and 90%. Each test has been performed three times and was
found to be quite reproducible.

From these data, some interesting comments can be done.
Firstly, we can note that for each humidity level, the acoustic
activity starts from the very beginning of the test, even for
the lowest RH level. A second observation is relative to the
value of the cumulative number of hits (Table 1). Accord-
ing to Fig. 6, it seems that the total amount of hits during
the test is related to the level of relative humidity. In fact the
test under the highest RH level (90%) exhibits a maximum
value around 650 hits after 20 h while the experiment under
the lowest RH level (10%) reaches a maximum amount of 20
hits after the same duration. Thirdly, there is a fairly linear
relationship between the cumulative number of hits and the
time. Moreover, with respect to the hit rate (∂(Hit)/∂t), it is
nearly five times higher for the highest RH level (90%) than
for intermediate one (40%) and more than 20 times higher
than for the lowest RH value (10%). A this stage of the study,

it is important to remember that the porous material has been
installed inside the testing chamber without being impreg-
nated by any fluid and that, prior to AE measurements, it has
been treated for 1h at 110◦C and kept at room temperature
in neutral atmosphere (dry nitrogen).

Taking into account all these parameters, it seems that the
acoustic emission is induced by an interaction between water
molecules and the surface of the porous medium. Indeed,
the more the RH level increases, the more the atmosphere
inside the cell contains water molecules and the more water
can be fixed on the surfaces of the pores. This phenomenon
seems to lead to a linear dependence between cumulative
number of hits and time. The water adsorption at the external
surface of a pore is a process that changes the nature of the
interface. In fact, the solid/vapour interface is replaced by
a less energetic solid/liquid interface. This change leads to
a release of energy (even at a very small level), which is
transformed into mechanical waves propagating through the
microstructure, and into thermal flow.

4.1.2. Influence of the pressure level under constant
relative humidity (90%)

This testing campaign has been conducted on the same
kind of porous ceramic with the same preparation protocol.
The RH level is fixed at 90% and the pressure level in the
c −2
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ig. 6. Evolution of the acoustic activity of a non-impregnated porous
hamber decreased from atmospheric pressure to 10atm.
ig. 7a presents the evolution versus time of the aco
ctivity of the porous ceramic under these two pressure
ssume that the pressure variation has no incidence o
eformation of the solid skeleton.

This figure shows one more time both the difference
aximum cumulated level and in hit rate (657 and 33 h
nder atmospheric pressure, 47 and 2 hits/h for the test
0−2 atm, respectively). The highest level in pressure
esponds to the highest values of the AE features. An

m for different levels of relative humidity (experiments conducted at 1tm).
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Fig. 7. (a) Evolution of the acoustic activity of a non-impregnated porous medium for different pressures (RH = 90%). (b) Evolution of the acoustic activity of
a non-impregnated porous medium with two pressure levels: 0.01 atm for 4 h, 1 atm beyond 4 h (RH = 90%).

experiment was conducted under 90% RH (Fig. 7b). The pres-
sure was initially equal to 0.01 atm and raised to 1 atm after
4 h. The value of the hit rate is clearly different before and
after the pressure; it is equal to 4 and 27 hits/h, respectively.
These values are of the same order of magnitude than those
deduced from the experiments at a given pressure (2 hits/h
under 10−2 atm and 33 hits/h under1 atm,Fig. 7a). Accord-
ing to the gas kinetics theory,26 the flowF of molecules (in
molecules/cm2/s) hitting a unit area (cm2) depends on the
temperatureT (K), the pressureP (Pa), the average molar
weight M (in g/mol) of the considered molecules and the
Avogadro number (Na):

F = NaP√
2πMRgT

(9)

whereRg is the perfect gas constant.
According to this equation, an increase in pressureP will

lead to an increase in the flowF of molecules. If we still con-

sider the hypothesis that the adsorption of water molecules
is closely related to the acoustic activity recorded during the
test, the lower the pressure is, the lower is the recorded AE
activity. In conclusion, the AE technique can be a useful tool
to monitor adsorption of water on solid surfaces.

4.2. Results for impregnated porous medium

The porous ceramic is initially impregnated with water
and placed on a piece of blotting paper in order to ensure a
good emptying of the pores during the test. The experiments
have been conducted at room temperature (23◦C), RH of 90%
and under 1 atm. Prior to AE testing, the water weight loss
of the porous medium has been measured under the same
configuration.Fig. 8a presents the variation of the relative
water weight loss as a function of time. As we can see here, the
weight loss rate is rather high during the first hour (25.3%/h).
After 1 h, the slope of the curve is slightly reduced and after
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Fig. 8. (a) Evolution of the relative weight loss of water impregnated porous
medium during drying (RH = 90%,P = 1 atm,T = 23◦C). (b) Evolution of
the acoustic activity of a water impregnated porous medium during drying
(RH = 90%,P = 1 atm,T = 23◦C).

48 h, the relative water weight loss reaches it maximum value,
near 50%. The test is conducted at a high RH level (90%),
it could explain the 50% of water which still remains in the
porous ceramic after 48 h.Fig. 8b shows the evolution of the
cumulated number of hits for the same sample under the same
testing configuration. According to this figure, the variation of
the acoustic activity seems to be related with the evolution of
the relative water weight loss (Fig. 8a). In order to understand
these variations, one has to consider the falling rate periods
in the drying process. The meniscus retreats into the pore
and the liquid is in its funicular state. During these stages,
transport by liquid flow is possible, some diffusion occurs
too and eventually evaporation (Fig. 1b). An hypothesis is
that these two mechanisms could release energy and induce
acoustic activity in the ceramic.

Coussy26,27 detailed the thermodynamics of liquid trans-
fer processes in porous media. The simplest approach is to
consider the porous medium as a polyphasic continuum com-
posed of an incompressible solid skeleton and a connected
porous space partially saturated by incompressible liquid wa-

ter (l) and an ideal mixture of water vapour (v) and dry air
(a). The two principles of thermodynamics are applied to the
elementary volume, which is an open system due to the fluid
matter exchanges with the outside. Considering isothermal
and poroelastic variations, the state variables of the system,
namely the total stress tensor (σ) and the macroscopic free
enthalpy per unit of mass of fluid (g) are closely related to
the strain tensor (ε) and the mass variation (m), respectively.
The macroscopic state equations of the porous medium can
be defined as:

σ = ∂Ψ

∂ε
, gi = ∂Ψ

∂mi
(10)

whereΨ is the global free energy of a unit volume of the
porous medium and is considered as a thermodynamic po-
tential. This free energy can be expressed as follows:

ψ = ψSK +m�ψ� (11)

withψSK, the free energy of the skeleton which includes here
both the free energy of the solid skeleton and the free energy
of interfaces (γSL, γSV andγLV ); m� andΨ� are the mass of
the fluid� per unit of volume and the free energy of the fluid
�, respectively.

According to Coussy’s work,26,27ΨSK can be identified
as:

Ψ
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SK(εij, Sl, T ) = φU(Sl, T ) + ψS(T, εij) (12)

here Sl is the saturation in liquid of the porous bo
0 <Sl < 1), φ is the lagrangian porosity defined as the
me of the porous space by unit of solid body of the in
eference configuration.1 U is the energy per unit of poro
pace andT the temperature. This equation clearly postul
hat the global free energy of the system can be sepa
nto two parts. A first term related to the energy of the in
ace (φU(S1,T)) and a second term that more likely deals w
he solid free energy (ψS(T,εij)) on the basis that the solid
eformable. This last expression can be itself related t
lastic energy (ws) of the solid:

S(T, εij) = wS(εij) + f (T ) (13)

In terms of energy, this very short description is in
ordance with the hypothesis of a close correlation betw
he onset of an acoustic emission activity and the diffe
henomena that occur during the drying process of a po
edium. Future works will deal with the frequency anal
f the acoustic emission signals in order to investigate
ave propagation through this multiphase medium, an
articular to check if it is possible to attribute specific ch
cteristics to diffusion, flow, on one hand, and evapora
ne another hand. A simple estimation of hit rate fromFig. 8b
hows that between 0 and 17.5 h, it decreases gradually

1 This lagrangian porosityφ is different than the euleurian porosity,n, that
an be related toφ through the expressionφ = Jn whereJ is the determinan
f the homogeneous tangent transformation. The lagrangian porosity
nly one that, as the strain tensor, refers to the same system as each
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it is fairly constant (equal to 5.9 hits/h) beyond 17.5 h. If we
assume that, according to the results presented in Section
4.1.1, water adsorption, at pore surfaces, leads to a linear de-
pendence between the cumulative number of hits and time,
this phenomenon could explain the results onFig. 8b be-
yond 17.5 h. In fact, during the second falling rate period, the
vapour phase is in equilibrium with isolated pockets of liquid,
a liquid film and the solid skeleton. It could be possible that
some water molecules adsorb on the free solid surfaces thus
leading to a decrease in the interfacial energy. Concerning
the data onFig. 8b for the period between 0 and 17.5 h, it
could be attributed the diffusion and flow phenomena. Fur-
ther work will be needed in order to check these various
hypotheses.

5. Conclusion

Liquid transfer processes have been investigated by acous-
tic emission. This paper describes the monitoring of drying
of a porous ceramic and the AE characterisation of several
mechanisms involved in this phenomenon. The major con-
cluding remarks are the following:

- AE technique is able to detect low energy processes act-
ing at the molecule scale (adsorption of water at the pore
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There is a correlation between the AE activity and the w
weight loss of the porous medium during drying. These
servations clearly show that this technique is able to c
acterise drying phenomena in a large-scale range (
nanoscopic to microscopic scale). Distinct AE signat
have been identified for the different processes.
The hypothesis presented in the general theory of dr
and its thermodynamical approach are in good accord
with the AE measurements. This result tends to dem
strate that the acoustic activity recorded during drying
is directly related to the energy release of the system
duced by the change in surface energy and the moti
the fluid.
Lastly, the important advantage of this non-destructiv
situ and real time technique, is that it can be applied to
low the drying process of a large number of other mater
such as cement, mortars or concrete.

cknowledgment

The authors want to thank the “Conseil Regional
imousin” for its financial support.

eferences

1. Van Breugel, K.,Simulation of Hydration and Formation of Structure
in Hardening Cement Based Materials. PhD Thesis. Delft Universit
of Technology, 1991.
Concr. Res., 1999,29, 1225–1238.
2. Hanzic, L. and Ilic, R., Relationship between liquid sorptivity

capillary in concrete.Cem. Concr. Res., 2003,33, 1385–1388.
3. Shiotani, T., Bisschop, J. and Van Mier, J. G. M., Temporal

spatial development of drying shrinkage cracking in cement b
materials.Eng. Fract. Mech., 2003, 1509–1525.

4. Bazant, Z. P. and Raftshol, W. J., Effect of cracking in drying
shrinkage specimens.Cem. Concr. Res., 1982,12, 209–226.

5. Bisschop, J., Pel, L. and Van Mier, J. G. M., Effect of aggre
size and paste volume on drying shrinkage microcracking in ce
based composites. InProceedings of 6th International Conference on
Creep, Shrinkage and Durability Mechanics of concrete (ConCreep6),
2001, pp. 75–80.

6. Bisschop, J. and Van Mier, J. G. M., How to study drying shrink
micro-cracking in cement based materials using optical and sca
electron microscopy.Cem. Concr. Res., 2002,32, 279–287.
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