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Abstract

In spite of the broad use of cement mortar in caesion field, its hygrothermal behavior is not Gfaed, up to now,

satisfactorily, especially under the particular clitions of its use. A study is carried out on adBl@f cement mortar
subjected to variations in temperature and humidiymerical and experimental approaches are used. Bath

approaches, the ambient conditions have a diregaith on the behavior of the wall. In parallel toetlexperimental
approach, a model representative of heat and masssfer, in multiphasic medium (cement mortar)déveloped in
order to predict hygrothermal behavior of the wallhis model is validated by confrontation of sinteth and

experimental results. This study would enable unatie an adequate design of the construction waakterding to the
climatic parameters.

Keywords: Cement mortar, porous medium, behavior, experinientanodeling.

1. Introduction

Most materials used in the construction of buildirrge porous. A portion or possibly the totality of
these pores is interconnected, making them permeatih the vapor water. This moisture, in
addition to the problems of durability which itlikely to cause [1-4], can also influence the tharm
performances appreciably. Therefore, the adequatielimg of the phenomenon of transport in the
porous environments presents an essential intereggtmerically simulate the behavior of the walls
of construction subjected to periodic changes efdimatic parameters.

We work, in this study, on an instrumented block ceiment mortar subjected to changes in
temperature and humidity. The recorded measurenagatsompared with the numerical results in
order to validate them. A study also of the relatiumidity sensitivity inside the sample with
respect to the mass transfer coefficient is made.

In the end, taking into account the adverse effdtéd condensation in the mass may cause, a
checking of this phenomenon is made by numericalikition.

2. Presentation of the Physical M odel

The first tests of modeling - as that of Glaser{3jave only taken into account the transfer inspha
vapor in order to study the risks of condensatiothe walls; they suppose negligible the trangier i
liquid phase. However, the incomplete characteéhese approaches led the researchers to elaborate
some works describing in a more precise way thenpmenon of coupled transfers [6-13]. These
include the model developed by Philip and De V{ie%-17], which is chosen to conceive the present
work because it allows a good description and gebenderstanding of physical phenomena, gives
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good results and faithfully restores most of thermimena observed in laboratory for homogeneous
mediums, isotropic, slightly hygroscopic [11].

In the case of a monodimensional representatioth@fexchanges, and in the case of following
assumptions of modeling:

- the solid phase constituting the porous mediimogeneous, undeformable and isotropic,

- the various phases are in thermal and hygrosdmance,

- the gas phase obeys the law of perfect gases,

- there is no chemical reaction,

- the density of the liquid phase is constant,

- the effects of gravity are neglected,

If we think in terms of saturation instead of watentent as mentioned in the literature cited apove
the system of equations of Philip-De-Vries modetigten:

d
€ aS/at = 9 [E(DSl + Dsy) aS/ax + (D + Dry) aT/ax] 1)

P 7]
pe T far = 5o (17/p) + il 5 (Dr 97/ 5, + D5, 95/, ) (2)

The degree of water saturation (S) is defined fiteratio of the volume of water contained in the
pores on the volume of the open pores. It is rdlébethe mass moisture content by the following
relation [18]:

S = Wps/gpl (3)
« Mass Transfer Coefficient Dg;

Dsis the sum of the liquid water transfer coefficiantl that of the vapor water under the effect of a
saturation gradient:

Dg = Dg; + Ds, 4)

Dsand Dsyare calculated from the following expressions [19]:

v Liquid water transfer coefficient:

kkrl[ —0P
Dg, = s.url ( C/ ag) (5)

Several authors proposed empirical relations t@rdehe the permeability relating to water and
gases. Laghcha [20] shows in his work that for acging materials, the permeability relating to the
liquid can be determined in the following way:

m+2
kn =VS[1=(1=8"m)"] im=1/, 6)
In the same way, the capillary pressurg (Rn be calculated according to saturation [21]:
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P.=a(§7%%7 —1)-m - g = 20.45.10° (7)

v" Vapor water transfer coefficient:

_DeffMvaat: af
DSU_W( /35) (8)

WhereDet is the effective coefficient of diffusion arfdis a function which depends on capillary
pressure and temperature, they are calculatedla$d19]:

Dess = Dyap(1 — SH)[e(1 - )]/ 9)

f=exp <— My RT) (10)

Lastly, the saturating vapor pressuie,#s determined by the following relation:

17.27T
T+237.3

Posar = 6llexp( ); Pvsat in [Pa] and T in [°C] (11)

3. Experimental study

3.1. Studied material

Cement mortar is a building compound created byingisand and a selection of aggregates with a
specified amount of water. It can be used for almemof applications.

Mortar has been used for centuries as a meandhefiad bricks or concrete blocks to one another. It
continues to be used in many different types ofstmiction. Professional building projects often
employ mortar as the binder between bricks in wédisces, and walkways. Around the house, it is
often employed to make quick repairs in patio skals reset loosened stones or bricks in a walkway
or retaining wall.

Cement mortar also makes an excellent medium featicrg a smooth surface to walls made from
bricks and other forms of masonry. It is appliedhwthe use of a trowel and then smoothed into
position. Often, the application is conducted inrenthan one coat, making it possible to slowly
achieve a covering that adheres properly to thésualace. The mortar may be tinted in order to add
a small amount of color to the fagade or paintlsaadded as a topcoat at a later date.

The ingredients in cement mortar vary somewhatedéimg on the manufacturer specifications. For
this study, the detained composition is descrinetiablel”.

Tablel. Initial composition of studied material

Mass Cement Sand Water Water/Cement
fraction 0.222 0.666 0.111 0.5
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After mixing the various components (sand, cemert water), the mortar is versed in a wooden
parallelepipedic mould of 25cm on sides and 5crdeyth.

With the same mixture, other samples of smallee §18x13x2 crf) were made. These plates were
used for the measurement of some material therrgsiqdi properties. It is of thermal conductivity,
the specific heat and the density “table 2”. Theopity is drawn from the bibliography [22].

Table2. Properties of studied material for a terajge ranging between 0 and 50°C

Density Porosity Thermal conductivity Specific heat
(kg.m?) ) (W.m".K?) (I kgt .Kh
2200 0.18 1.6 850

3.2. Description of the device of measurement

The sample of cement mortar, kept in its lacquevedden mould, is isolated on all sides except on
a vertical face in order to approaching adiabatieditions and thus obtaining a monodimensional
heat flow. Moisture and temperature sensors, digied on the various elements of the experimental
benches, are connected to a station of acquisiteelf connected to a computer. Two experiments
are made:

3.2.1 First experiment

This block is placed, in upright position, in areavduring a few days to be heated at a temperature
of 40 °C, and then cooled at ambient temperaturepening of the oven door.

The measurement of the temperatures of varioussfof the sample "T2 to T6" is ensured by
thermocouples stuck to the wooden mould, T1 and Byhacketed thermocouples inserted into the
material during the casting, that of the not insedaface "Tp", by a pyrometer. The temperatures of
the air inside the oven are measured by jacketexnibcouples distributed in this medium "Tal to

Ta4". A sensor of the type "rotronic" (Sa) is ugedmeasure the temperature and the relative
humidity of the air in the oven. Lastly, in order distribute the air in the oven well and to thus

standardize the temperature, a small ventilatptased inside this one (“Fig. 1 and 2", “Table 3”).

\ #
Figurel: The experimental device
(Experiment 1)
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Figure2: Block diagram of the measurement device and semsplantation (Experiment 1)

3.2.2 Second experiment

The block is fitted in an upright position alsosite a box. Humidification is obtained by spray
water injection in the air ranging between the tottof the box and the face not isolated of the

sample.

The measurement of the temperatures of isolategs sodl the sample "T2 to T6" is ensured by
thermocouples stuck to the wooden mould, that efftte in direct contact with the air "T7", by
another stuck to the mortar, temperature "T1" gcheted thermocouple in stainless (inox) inserted
into the material during the casting. In paraltel,know the temperature and humidity inside the
sample, three sensors "S1 to S3" are inserteceisdmple at 1 cm of the bottom, at the medium and
at 1 cm of surface, respectively. Some measurenwnigimidity and temperature of the air are
realized by a sensor placed in space separatingattem of the box and the face not isolated from

the mortar "S4" (“Fig. 3 and 47, “Table3”").
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Figure4: Block diagram of the measurement device and semsplantation (Experiment 2)

3.2.3 Nomenclature of the sensors

“Table3” gives the designation of the sensorsrthesition and the parameters which they measure.

Table3. Designation and position of the connectedars

Des | Connected sensor Measure Position Observation
T1 Thermocouple (K) Temperature [°C] Drowned into thartar at x= 1 cm Expi:]rgeznts: 1
T2 Thermocouple (K) Temperature [°C] Side positioerface mortar-wood Exptzr:]n;eznts: L
T3 Thermocouple (K) Temperature [°C] Side position: interface wood- Experiments: 1
insulator and 2

T4 Thermocouple (K) Temperature [°C] At the bottom: |£1terface mortar-woofd Experiments: 1
(x=5cm) and 2

15 Thermocouple (K) Temperature [°C] At the bottom: |£1terface mortar-wood Experiments: 1
(x=5cm) and 2

T6 Thermocouple (K) Temperature [°C] At the botFom: interface wood- Experiments: 1
insulator and 2

Th2 Thermocouple (K) Temperature [°C] Drowned inte thortarat x=2.5cm Experiment 1
Tal Thermocouple (K) Temperature [°C] In ambientafithe oven Experiment 1
Ta2 Thermocouple (K) Temperature [°C] In ambientafithe oven Experiment 1
Ta3 Thermocouple (K) Temperature [°C] In ambientafithe oven Experiment 1
Ta4 Thermocouple (K) Temperature [°C] In ambientdfithe oven Experiment 1
Tp Pyrometer Temperature [°C] Temperature measuntmmesurface Experiment 1
Sa Sensor (type : Rotronic Temperature [°C] + Hdityi [%)] In ambient air of the oven Experiment 1
T7 Thermocouple (K) Temperature [°C] At the surfatthe sample (x=0) Experiment 2
Si1 Sensor (type : Sensirion) Temperature [°C] + ktlity [%] Drowned into the mortar at x= 4cm Experinte2
S2 Sensor (type : Sensirion) Temperature [°C] + ktlity [%] Drowned into the mortar at x=2.5cn] Expeeémt 2
S3 Sensor (type : Sensirion) Temperature [°C] + ktlity [%] Drowned into the mortar at x= 1 cm Expeémt 2

. s In the air: between the exchanger| .
. o 0,
S4 Sensor (type : Sensirion) Temperature [°C] + ktlity [%0] and the sample Experiment 2
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3.2.4 Data acquisition

The K thermocouples are connected to a data atiquigstandard: Keithley 2700) which performs
the analog-to-digital conversion of the signalsNAtional Instrument is used for the “sensirion”
sensors. These two devices are connected to acoimoputer “Fig. 5”. Acquisition is managed by
the software "LabVIEW" with a time of 2 seconds mxaation and a step of 10 minutes recording.

Station of data acquisition ‘ ]

(Type: Keithley 2700)

() = f =] —

National Instrument Case

Figure5: Chain of acquisition

[ Thermocouples (T) ]

4. Results and discussion
4.1. Sequence of measurement

“Fig. 6 and 7” present the evolution of temperatarel relative humidity for the two experiments
mentioned above. By applying a rise of temperainréhe oven, one observes a rise of the air's
temperature, followed by a temperature in the waripoints of measurement “Fig. 6”. The weak
variation in temperature between the surface ok#tmple and the bottom is due to the great value of
thermal conductivity (1.6 W it K ™) and to a thickness of the relatively small bl¢g&m). “Fig. 7”
shows the capacity of the cement mortar to absedodasorb the moisture of the air with which it is
in contact, the response of Hr within material iscl. Measures of internal humidity “Fig. 7”
indicate that the material reacts to the fluctuagiof the air's humidity with a more significantiae

for the deepest points than for those close tasarf

—@—T air (average) ¢ Tatx=0 (Tp)
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Figure6: Variation of temperature and relative humidityidg the first experiment
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Figure7: Variation of relative humidity during the secoexperiment
4.2. Confrontation simulation/experience

» Boundary conditions

In order to carry a comparison (numeric simulatierperiment), both temperature and relative
humidity of the air are extracted each step of tiraen the experiment’s real conditions.

¢ Masstransfer
At x=0:

h

_(EDS aS/ax + DT aT/ax)xzo = p_TZl (pv,oo - pv,x=0) (12)

At the other limits (at x = d), surface is supposedbe impermeable (waterproof lacquered wood —
“Fig. 47), the mass flow, which crosses it, is thusl.

¢ Heat transfer

At x=0:

_(/] aT/ax)xzo - (ijv)xzo = (hc + hr)(Too - Tx:O) + Lvhm(pv,oo - pv,x:o) (13)

On the bottom, on the insulated face, i.e. when, xhd temperature is imposed. It is the average
temperature measured by the thermocouples "T4™ BBt Fig. 4”.

> Initial conditions

For the same reason cited above, the initial caonditapplied to the model are also extracted from
the real conditions of the experiment.
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4.2.1 Evolution of temperature and relative humidity

For the calculation of relative humidity inside @@l - or the activity as many researchers call it
we referred to the catalogue of the materials’ proes created by the institute Bauphysik of
Fraunhofer [23]. The activity is transformed atretation according to saturation by method GAB.

In order to reproduce the experimental results tandalidate the model suggested to simulate the
behavior of this material, a simulation reproduding experimental conditions is carried out.

“Fig. 8 and 9” show the evolution according to thmee of the temperature and the relative humidity
of the air as well as various depths of the bloskcomparison is carried out; there is a good
agreement between the computed values and thosauradaln “Fig. 8”, the coincidence of certain
curves is due to the difficulty in imposing in exipeents a significant variation in temperature
between the surface and the bottom of the sam@eentheless, the model reproduces development
and displacement of moisture and temperature front.

—@— T at x=0 (cal) ® Tatx=0 (exp)

—&— T at x=2,5cm (cal) A Tatx=2,5cm (exp)

—&— T air
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Figure 8: Evolution of temperature: comparison between maddlexperiment (Experiment 1)

== Hr at x=1cm (cal) ® Hratx=1cm (exp)
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Figure 9: Evolution of relative humidity: comparison betweaandel and experiment (Experiment 2)
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4.2.2 Profile of temperature and relative humidity

Confrontation between the results of simulation #mose of the experiment of temperature and
relative humidity profiles inside material is repeated on “Fig. 10 and 11" for three times chosen
arbitrarily. The maximum change between calculadod experiment is approximately 1.5 °C for
the temperature “Fig. 10” and 6 % for the relatiwamidity “Fig. 11", which allows concluding on
good capabilities of the model to predict the matebehavior under variable hygrothermal
conditions.

—6=—1=10 hours (cal) & =10 hours (exp)
&= 1=30 hours (cal) ® =30 hours (exp)
50 —fr—1=50 hours (cal) A t=50 hours (exp)
45
o 40 &
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T & ¢ ?
2 35
@
o
% 30
R ¢ - o——=8
(9—6—-—5* ~
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Figure 10: Profile of temperature: comparison between modédlexperiment (Experiment 1)
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Figure 11: Profile of relative humidity: comparison betweeandal and experiment (Experiment 2)

4.3. Sensitivity of therelative humidity

In order to study the model sensitivity with redpgcthe mass transfer coefficientd|Dthree cases
were treated, the first by considering this coéfit variable (according to saturation and
temperature) and calculate it from "Eq. (4) to 8d.)"; while for the two other cases, it is supgubs
to be constant by affecting two different valueshim draw from the bibliography [24]. The three
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curves obtained by simulation are compared with ab&ined in experiment “Fig. 12”. The relative
humidity for a variable mass transfer coefficiegrees better with the experimental result, from
where necessity to calculate Bt each steps of time and not to consider it @mistThat also made
it possible to validate the expressions used flmutation of the mass transfer coefficient.

—&=— Hr at x=4cm (exp) —@— Hr at x=4cm (cal: Ds var)

=—i— Hr at x=4cm (cal:Ds=5.E-9 m2/s) =—&— Hr at x=4cm (cal:Ds=1.E-8 m2/s)
100

90

80

70

60

50

40

Relative humidity (%)

30 |

20

10

0

0 20 40 60 80 100 120 140

Time (hours)
Figurel2: Relative humidity evolution for different valuebroass transfer coefficient (Experiment 2)
4.4. Checking of condensation in the mass
Certain building materials are hygroscopic i.eythee ready to fix moisture, capillary condensation
is formed quickly even for moistures relative weakjch can induce modifications of their physical
characteristics, in particular mechanical and tlarit is then necessary to check this phenomenon

of condensation in order to limit the degradatibmaterials being able to involve on the one hand a
structural weakening and on the other hand a vaniatf their thermo-physical properties.

By determining the vapor pressuréy GndP,ss) in each node of volume of control, condensation
inside the wall can be checked.

P, is calculated starting from the following expressi
By, = HyPysqr (14)

The capillary depression (+)Hs connected to the relative humidity via the Ivkelown equation of
Kelvin:

_p. = RTp;. ln(Hr)/M (15)

—P.M
So: H, = ex'p( ¢ /RTpl> (16)
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“Fig. 13" represents the evolution in time qf&hd Rsa: Of three points to various depths of material,
the saturated vapor pressures are confused indkisbecause of their very close corresponding
temperatures; and all three superiors to the pantssures, which results in concluding that there
not risk of condensation in the mass for this case.

—@— Pv at x=1 cm —&=— Py sat at x=1 cm
—@— Pv at x=2,5 cm —H=— PV sat at x=2,5 cm
== PV at x= 4 cm == Pv sat at x= 4 cm

3000

2500

2000

1500

Vapor pressure (Pa)

1000 y =

500

0

0 20 40 60 80 100 120 140 160

Time (hours)

Figurel3: Checking of condensation in the mass (Experimgnt 2

5. Conclusions

In this paper, tests are carried out on a mateesi much used in construction, it is a cement arort
made in the form of a block and subjected to vianiatin temperature and relative humidity of the
ambient air. Starting from the initial conditionadathe real limits of experiment, a numerical
simulation is performed also. The confrontationtloé results shows a good agreement between
experiment and calculation for the various treatesks.

The mass transfer coefficient used is not obtaineh direct measurements, but it is built, taking
into account specific properties of the materidhjcln are measured independently. It depends on a
lot of saturation and temperature.

This study will allow making a design of walls aodimg to the particular climatic conditions which
they will be subjected. The model used in this pag be applied to other types of building
materials under real conditions of use. It is tfaee possible to improve the thermal performance
and thus to save the energy used. Moreover, itheilable to avoid the risks of condensation in the
mass and the adverse effects which result from this

Notations

c  Specific heat, J.KgK™

Dr Mass transfer coefficient due to the tempeeagradient, stK™

Ds Mass transfer coefficient due to the saturejadient, rhs*

Dr Liquid phase transfer coefficient due to the terapee gradient, fst.K™
Dr, Vapor phase transfer coefficient due to the &naore gradient, frs*.K™*
Ds Liquid phase transfer coefficient due to theission gradient, fis*
Dsv Vapor phase transfer coefficient due to therssitn gradient, fis®
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Dvap Diffusivity coefficient of the vapor in the aim®.s*

Deit Effective diffusivity coefficient of vapor, frs*
H,  Relative humidity, %

h. Convective heat transfer coefficient, VKt
h,  Radiative heat transfer coefficient, Wi
hn Mass transfer coefficient, rit.s

k  Intrinsic permeability, fn

K Relative permeability

L, Latent heat of vaporization, Jkg

M  Mass molar, kg.mdl

P. Capillary pressure, Pa

R  Gas constant, J.nmoK™

S  Saturation

T  Temperature, K or °C

t Time, s

Pusat Saturated vapor pressure, Pa

Greek symbols

e Porosity

p  Density, kg.n

4 Thermal conductivity, W.thK™
iu  Dynamic viscosity of water, kg:fa®
0 Volume moisture content
Subcripts / Supercripts

a Air

I Liquid

v Vapor

S Solid
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