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ABSTRACT

The achievable accuracy of hygrothermal building component simulation is
significantly dependent on the applied material functions. These functions are deter-
mined by the material modelling marking the connection between the basic storage
and transport parameters which are obtained from basic measurements, and the stor-
age and transport coefficients which are defined within the balance and flow equa-
tions. It is the aim of the present study to develop a flexible and widely applicable
material model which is not restricted to the current level of the transport theory. Fur-
thermore, limits and options of this model are to be validated by means of four build-
ing materials on the basis of special transient moisture profile measurements.
The study’s starting point is a comprehensive investigation of both, the different exist-
ing modelling approaches and the available experimental methods to determine basic
hygrothermal material parameters. On this basis, the material modelling is set into the
context of the heat and moisture transport theory derived from thermodynamics. The
involved limits and restrictions are highlighted and options as well as requirements for
further developments are pointed out. The developments this study focuses on com-
prise three fields: experiments for basic property determination, material modelling,
and experiments for material model validation.
The set of basic material investigation methods has been extended by the drying exper-
iment under defined conditions. The different influences on the drying as well as its
application to hygrothermal material model calibration are pointed out and appraised.
On this basis, a drying apparatus is designed, built and applied. Ultimately, standard-
isation criteria and the derivation of a single-value drying coefficient are evaluated.
Appropriate extensions are indicated. 
Based on the bundle of tubes approach, an own material model is developed. It is cou-
pled with a mechanistical approach accounting for serial and parallel structured mois-
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ture transport phenomena. The derived liquid water conductivity is adjusted by the
help of measured conductivity data close to saturation as well as within the hygro-
scopic moisture range. Subsequently, two internal modelling parameters are calibrated
which is done by numerical simulation of the water uptake and the drying experiment
under consideration of the hysteresis of moisture storage.
Facilitating its application to the obtained laboratory data, the material model has been
implemented into a computer program. It is applied to the four building materials
brick, lime-sand brick, aerated concrete and calcium silicate. The adjusted material
functions are shown and discussed. In all four cases, the calibration provides an excel-
lent agreement between measured and calculated material behaviour.
As experimental basis of the material model validation, the instantaneous profile
measurement technique (IPM) has been extended to be applied in Building Physics.
Special equipment is developed and measurement procedures are designed. Different
models to derive the water content from dielectric data obtained by Time Domain
Reflectometry (TDR) measurements are evaluated and implemented. Ultimately, an
extensive program of transient moisture profile measurements within the hygroscopic
and the overhygroscopic moisture content range is conducted and evaluated.
Within the frame of validation, the developments on the experimental as well as on the
modelling fields are combined. The IPM experiments are recalculated on the basis of
the measured initial and boundary conditions applying the adjusted and calibrated
material functions. The comparison of measured and calculated data reveals the power
of the developed material modelling just as the consequences of the simplifications
made on the transport theory level. The distinct influences of the hysteresis of moisture
storage consisting of effects depending on the process history and effects depending
on the process dynamics, are proven.
By the presented study, the material modelling has been decisively further developed,
the set of basic measurement methods has been extended by a substantial experiment
and the instantaneous profile measurement technique has been made applicable to
Building Physics. Moreover, the influences of the process history and the process
dynamics on the moisture transport and the resulting moisture profiles could be
shown and proven. By that, not only a material model is now available which perfectly
applies to the requirements of flexibility, applicability and extendability. The obtained
data provides also a powerful basis for further research and development.
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KURZFASSUNG

Die Genauigkeit hygrothermischer Bauteilsimulation hängt maßgeblich von
den verwendeten Materialfunktionen ab. Sie werden durch die Materialmodellierung
bestimmt, welche die Verbindung zwischen den aus Basisexperimenten gewonnenen
Speicher- und Transportparametern sowie den innerhalb der Bilanz- und Flussglei-
chungen definierten Speicher- und Transportkoeffizienten herstellt. Ziel der vorlie-
genden Arbeit ist zum einen die Entwicklung eines flexiblen, breit anwendbaren und
gleichzeitig nicht auf den gegenwärtigen Stand der Transporttheorie beschränkten
Materialmodells. Dessen Grenzen und Möglichkeiten sollen zum anderen auf der
Grundlage spezieller instationärer Feuchteprofilmessungen anhand von vier Baustof-
fen untersucht und aufgezeigt werden.
Ausgangspunkt der Arbeit ist eine ausführliche Beleuchtung sowohl der vorhandenen
Modellansätze als auch der zur Verfügung stehenden experimentellen Methoden zur
Bestimmung hygrothermischer Basisparameter. Auf dieser Grundlage wird die Mate-
rialmodellierung in den Kontext der aus der Thermodynamik abgeleiteten Wärme-
und Feuchtetransporttheorie eingeordnet. Die damit verbundenen Grenzen und Ein-
schränkungen werden hervorgehoben und Entwicklungsmöglichkeiten sowie weite-
rer Entwicklungsbedarf aufgezeigt. Dieser umfasst drei Bereiche: die Experimente zur
Bestimmung von Basisparametern, die Materialmodellierung, sowie Experimente zur
Modellvalidierung.
Die Reihe der Basisexperimente wird um den Trocknungsversuch unter definierten
Bedingungen erweitert. Die verschiedenen Einflüsse auf die Trocknung und deren
Anwendung in der Kalibrierung hygrothermischer Materialmodellierung werden her-
ausgestellt und bewertet. Darauf aufbauend wird eine Apparatur entworfen, gebaut
und angewendet. Schließlich werden Kriterien zur Standardisierung und Ableitung
eines Einzahlenkennwertes evaluiert. Sinnvolle Erweiterungen werden aufgezeigt. 
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Es wird ein eigenes Materialmodell auf der Grundlage eines Porenbündelansatzes her-
geleitet, welches mit einem mechanistischen Ansatz gekoppelt wird, der den Feuchte-
transport in seriell und parallel strukturierte Bereiche untergliedert. Die abgeleitete
Flüssigwasserleitfähigkeit wird anhand von Leitfähigkeitsmessdaten im nahe gesät-
tigten sowie im hygroskopischen Feuchtebereich justiert. Zwei interne Modellparame-
ter werden anschließend unter Berücksichtigung der Hysterese der Feuchte-
speicherung anhand des Aufsaug- und des Trocknungsversuches kalibriert. 
Das Materialmodell ist zur Erleichterung der Anwendung in ein Computerprogramm
zur Anpassung an die Labordaten implementiert worden. Das Programm wird auf die
vier Baustoffe Ziegel, Kalksandstein, Porenbeton und Calciumsilikat angewendet. Die
entsprechend angepassten Materialfunktionen werden gezeigt und diskutiert. Im Rah-
men der Kalibrierung wird eine hervorragende Übereinstimmung zwischen gemesse-
nem und berechnetem Materialverhalten erreicht.
Zur Modellvalidierung wird die Augenblicksprofilmethode (IPM) für die bauphysika-
lische Anwendung erweitert. Spezielle Apparaturen werden entwickelt und Versuchs-
abläufe entworfen. Modelle zur Ableitung des Wassergehaltes aus mit Hilfe der Time
Domain Reflectometry (TDR) gewonnenen Dielektrizitätsmessdaten werden evaluiert
und implementiert. Schließlich wird ein umfangreiches Programm an Feuchteprofil-
messungen im hygroskopischen und überhygroskopischen Feuchtebereich umgesetzt
und ausgewertet.
Im Rahmen der Validierung werden die Entwicklungen auf experimenteller sowie auf
Modellierungsebene zusammengeführt. Die IPM Experimente werden anhand der
gemessenen Anfangs- und Randbedingungen und auf der Grundlage der angepassten
und kalibrierten Materialfunktionen nachgerechnet. Der Vergleich zwischen Messung
und Rechnung offenbart die Stärke der entwickelten Materialmodellierung ebenso,
wie den Einfluss der auf Ebene der Transporttheorie getroffenen Vereinfachungen. Ein
deutlicher Einfluss der sich aus der Prozessgeschichte sowie der Prozessdynamik
zusammensetzenden Hysterese der Feuchtespeicherung kann nachgewiesen werden.
Mit der vorliegenden Arbeit ist somit nicht nur die Materialmodellierung entschei-
dend weiterentwickelt, die Reihe der einfachen Basisexperimente um einen wesentli-
chen Versuch erweitert und die Augenblicksprofilmethode für bauphysikalische
Belange anwendbar gemacht worden, es wurden auch die Einflüsse der Prozessge-
schichte, und erstmals auch der Prozessdynamik, auf den Feuchtetransport sowie die
sich einstellenden Feuchteprofile deutlich aufgezeigt und nachgewiesen. Es ist dem-
nach nicht nur ein Materialmodell, welches den gestellten Anforderungen an Flexibi-
lität, breite Anwendbarkeit und Erweiterbarkeit genügt, entwickelt worden, es wird
mit den gewonnenen Messdaten auch die Grundlage weiterer Forschung zur Verfü-
gung gestellt.
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CHAPTER 1

INTRODUCTION AND OVERVIEW

Building component simulation has become a very important design tool.
Building physical teaching, research and design can not be imagined without such
numerical simulation programs anymore. Not only the large number of developed
simulation codes, as e.g. presented by Pedersen (1990), Galbraith (1992), Künzel (1994),
Grunewald (1997), Roels (2000), Janssen (2002), Sasic Kalagasidis (2004) and Nicolai (2006),
but also the increasing number of research topics being evaluated on a numerical sim-
ulation basis indicate their increasing importance. New areas of research and applica-
tion are explored, as the coupling of building component with whole building
simulation (Rode et al. (2002), Grau & Rode (2005), Fechner (2007)) or with air flow and
CFD modules (Grunewald & Nicolai (2007), Gnoth et al. (2007)). 
By such broad application, the demands on quality and precision of simulation results
have increased, too. The conclusions of the European HAMSTAD1 project indicate,
that the numerical methods of different simulation programs deliver the same results
in case the same initial and boundary conditions as well as the same material data are
applied (Roels et al. (2004)). The simulation quality hence depends on the reliability of
initial and boundary conditions, and especially on the available hygrothermal material
data in combination with the applied material model.
It is consequently desired to rely on a material modelling which is generally applicable
and flexible by means of adjustability and extendability. In addition, for the assessment
and evaluation of hygrothermal building component simulation results, it is very
important to know the limits of the employed modelling approach. The present study

1. The HAMSTAD project was initiated within the 5th framework programme of the EU in the year 
2000 to provide a platform of benchmarking heat, air and moisture transport simulation programs. 
By this, the quality of such programs has been standardized and assured.
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therefore aims at development and validation of a material model which is generally
applicable to hydrophilic building materials, which is adjustable to a varying amount
of basic input data and which is extendible by means of process dependency as well as
solute transport modelling. It is furthermore aimed to challenge this material model by
comparing data of instantaneous profile measurements with corresponding simula-
tion results. On this basis, limits and options of the developed material modelling are
supposed to be derived and concluded.

Material modelling associates the basic material property determination with
the material coefficients defined in balance and constitutive equations of heat and
moisture transport. These equations define the required moisture physical relation-
ships the material model has to provide whereas the available basic material data mark
the scope of input information to adjust the model. The material model is hence
dependent on both of them. To develop an advanced, general and flexible material
model and to investigate its limits and options within the frame of heat and moisture
transport modelling, a wide view on basic material property determination as well as
on hygrothermal material and transport modelling is required. In addition, an experi-
mental investigation method is necessary providing whole range water content data
for different building materials and under varying but defined boundary conditions.
The instantaneous profile measurement technique is such a method which needs to be
adjusted, applied and evaluated. The outlined objectives lead therefore to an enlarged
methodological basis. This is reflected in the structure of the present work which is
introduced as follows. 
Chapter 2 starts with a brief introduction into the general heat, air and moisture trans-
port modelling. The balance and constitutive equations are specified and concluded by
a number of remarks on the scope of the whole study. The main part of this chapter
forms a comprehensive review on material modelling approaches either based on
Fick’s first law which are called diffusivity approaches, or based on the Richards-equa-
tion called conductivity approaches. A general assessment of these models with regard
to the objectives concludes this chapter.
Chapter 3 provides a review on experimental methods for both, basic material property
determination and instantaneous profile measurement. The basic storage and trans-
port properties of heat and moisture are specified and the different methods for their
experimental determination are introduced. Existing problems are discussed and
demands for further developments derived. Finally, the principle of the instantaneous
profile measurement technique is presented, and moisture content measurement by
time domain reflectometry (TDR) and different moisture potential measurement tech-
nologies are sketched.
Chapter 4 presents the four investigated building materials: a building brick, an aerated
concrete, a lime-sand brick and a calcium silicate inside insulation board. Besides a
brief introduction to each material, the basic hygrothermal properties are specified and
some illustrating pictures are provided.
Chapter 5 is the development and utilisation chapter. First, the material model is devel-
oped based on the pore structure of the material. A bundle of tubes model as the most
suitable approach fulfilling the requirements on flexibility, applicability and extenda-
bility is coupled with a mechanistical model. It accounts for serial and parallel struc-
tured moisture transport providing two modelling parameters. These are adjusted by
the aid of numerical simulation of the water uptake and the drying experiment. In a
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second part of this chapter, developments on the drying experiment and its utilisation
for material model calibration are accomplished. A comprehensive investigation
regarding the influences on the drying and its data evaluation is elaborated and con-
cluded. Finally, first attempts to standardize drying data are evaluated and discussed
before a reliable solution is indicated. The third part of this chapter ultimately intro-
duces the developed instantaneous profile measurement devices and the designed
measurement schedules. The TDR sensor calibration is illustrated and the water con-
tent derivation from measured TDR data by different dielectric approaches is com-
piled.
Chapter 6 comprises the implementation and application of the developed material
modelling as well as the TDR evaluation. Initially, the implementation of the devel-
oped material model into a computer program is outlined facilitating its application to
basic material data. The calibration procedure to determine the internal modelling
parameters on the basis of water uptake and drying simulation is specified. Subse-
quently, the adjusted material functions are given for the four investigated building
materials. Within the second part of this chapter, the implementation of the TDR data
evaluation models into a second computer program is sketched. Its application is
exemplarily shown for one material.
Chapter 7 finally combines the results of material modelling with the results of the
instantaneous profile measurements enabling a fundamental material model valida-
tion. At the beginning, transient moisture storage data is compared with data deter-
mined by static methods already indicating significant dynamic effects. Thereafter, the
measured and calculated water content profiles are compared. A number of interesting
effects is observed and attributed to either the material model or the general moisture
transport modelling. Limits and options of both of them are clearly pointed out, impli-
cations of further developments are discussed and a final assessment résumé is given.
Chapter 8 concludes the whole conducted research and development. The obtained
achievements are specified and the deduced results are summarized. A prospect on
future research topics derived from the presented work completes this chapter.
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CHAPTER 2

THEORY OF MATERIAL MODELLING

Hygrothermal material modelling is embedded into the theory of heat and
moisture transport in porous media. For a better identification of their fields of duty, it
is very important to clarify the terms in use. Hence, a distinction is made between the
transport theory and material modelling first. The transport theory in porous media,
on the one hand, comprises the whole range of microscopic and macroscopic treatment
based on thermodynamics. On the microscopic scale, states of energy and transport
mechanisms for heat and mass are studied leading to the formulation of balance equa-
tions and the connection of cause and effect of the transport processes. On the macro-
scopic scale a phenomenological treatment of these transport processes leads to the
formulation of constitutive equations that associate the fluxes to their driving forces
defining the transport coefficients.
The storage and transport coefficients are normally non-linear functions of different
dependencies. Their definition and identification on the basis of measured material
properties is, on the other hand, the task of material modelling. Therefore, material
modelling is dependent on the transport theory which derives and defines the material
coefficients. A scheme of this distinction is given in Fig. 2.1.
The first part of this chapter is an introduction to the theory of heat and mass transport
in porous media which leads to the definition of the balance equations for heat, air and
moisture. The required transition from a microscopic treatment to the macroscopic
scale is marked by the constitutive equations given afterwards. They define the trans-
port coefficients required for numerical simulation. Different approaches exist here,
leading to different approaches in material modelling, too, which is outlined subse-
quently and completed by some remarks on heat, air and moisture transport. 
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The main part of this chapter is the literature review of existing material models
describing the underlaying assumptions and the adjustment procedures to measured
material data. A distinction is made there for different coefficients required by differ-
ent driving potentials. 

2.1 Heat and mass transport in porous media

Heat and mass transport in porous media has been investigated for many
years. Some authors as Krischer (1940) and Krischer (1942), Philip & De Vries (1957) and
De Vries (1958), Whitaker (1969) and Whitaker (1977), Bouma (1977), Dullien (1979), Kießl
(1983), De Vries (1987), Bear & Bachmat (1991) and Hassanizadeh & Gray (1997) may be
named deputizing to the large number of publications on this topic. 
Most authors in Building Physics, however, start with their modelling on the basis of
derived balance equations. Only few go into detail of the thermodynamic principles
lying behind them. The following paragraph gives a survey on the topic. It refers to the
theory specified by Grunewald (1997) which was further developed in Grunewald et al.
(2003), Grunewald & Häupl (2003) and Funk & Grunewald (2005).

2.1.1 Transport processes

Grunewald formulated the fundamental heat and mass transport theory on the
basis of the continuum model, i.e. the assumption, „the real matter can be treated as a
continuously distributed substance whose behaviour can be described by a set of
steady and differentiable functions of time and space“ (Grunewald (1997), p.35; see also
Bear & Bachmat (1991), p.14). Most advantageously, this approach does not require the
description of the exact configuration of the porous medium which, in most cases, is
extremely difficult or even impossible. Instead, the microscopic examination can be
done on the basis of Representative Elementary Volumes (REV, see also Whitaker (1969)
and Bear & Bachmat (1991)) containing all components of the porous medium in a rep-
resentative configuration. According to their state of aggregation the components 
are combined to phases , in particular solid , liquid  and gaseous . 

Transport Theory

microscopic scale

derivation of balance equations

macroscopic scale

phenomenological treatment
derivation of constitutive equations

Material Modelling

based on thermodynamics

measured material parameters
observed material behaviour

coefficients in constitutive equations
functions depending on state variables

Figure 2.1: Distinction between transport theory and material modelling.

ν
α m( ) l( ) g( )
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The system state can be described by a set of independent state variables  for each
phase , which is generally given with

. (2.1)

Within a phase of the REV the extensive state variables mass , inner energy ,
entropy  and momentum  can be related to the volume leading to intensive state
variables or property densities. As the change of position in time, the velocities for each
of those properties can also be defined. Combined they result in the total fluxes as the
product of density and velocity containing both, advective and diffusive shares. Chem-
ical reactions, phase changes and external volume forces can cause changes of mass,
energy and momentum or the production of entropy which is accounted for by source
production rates.
The modelling assumptions accompanied by the above sketched approach are listed
below in the way they were summarized by Funk & Grunewald (2005):

• No storage of kinetic energy in the mass of the moving phases is 
considered (no inertial forces, no free convection).

• No particle or energy storage in surface terms is considered. Surface 
effects are only taken into account at the calculation of the capillary 
pressure.

• Distortions of the solid material matrix are neglected (no changes of 
the size of the REV are considered).

• The spatial heat and mass flows are all calculated via a linear 
approach, i.e. force multiplied with transport coefficient. This is 
equivalent to the assumption of local thermodynamic equilibrium. 
Deviations from that equilibrium are infinitely small.

• The driving forces derived from thermodynamics of particle mixtures 
are also valid in the more complex system of the REV.

• The advective flow is a laminar flow.
• Minor flows according to the Dufour-effect (heat transport due to a 

concentration gradient, see Dufour (1873) and Clusius & Waldmann 
(1942)), or the Ludwig-Soret-effect (thermodiffusion meaning a particle 

Yα
α

Yα Mα Uα Sα I,
α

, ,( )=

solid (material) phase

liquid phase

gaseous phase

Figure 2.2: Section of a Representative Elementary Volume (REV) containing 3 phases.
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diffusion due to a temperature gradient, see also Ludwig (1856), Soret 
(1880) and Soret (1881)), and pressure diffusion are neglected.

• Dissipation of kinetic energy by friction or compression and 
associated generation of inner energy is neglected.

• The only volumetric force is gravity.
• Far range interactions between different regions of the system are 

neglected.

Based on the set of state variables, the fluxes and the source production rates, general
balance equations can be set up as follows.

2.1.2 Balance equations of heat, air and moisture

The balance equations can be derived in different ways depending on the point
of view of observation. The most common way - which will be used here as well - is to
use a locally fix REV as the basis (local approach). Other approaches choose a control
volume which is moved with the mean reference velocity (advective approach) or with
the mean mass velocity (substantial approach). These formulations are useful to distin-
guish between advective and diffusive flows which will, with regard to Grunewald
(1997), not given further emphasis here.
To be balanced, a quantity has to be a conserved quantity, as which the inner energy
and the masses of air and moisture are regarded to. Then, the change in time of the con-
served quantity within a REV must equal the sum of all in- and outgoing fluxes
together with the sum of all produced and dissipated quantities accounted for by
source production rates.

Moisture mass balance

The moisture mass balance (2.2) relates the time change of the volume-specific
total moisture mass (moisture mass density ) to the sum of advective and diffu-
sive flows of liquid water and water vapour. A source term accounts for moisture
sources and sinks within the reference volume.

(2.2)

Air mass balance

The air mass balance (2.3) relates the time change of the volume specific air
mass to the sum of advective and diffusive air flows. The diffusive air flow corre-
sponds to the negative diffusive vapour flow because the transported vapour needs to
be replaced by dry air.
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(2.3)

Inner energy balance

In eq. (2.4), the specific inner energy time change is related to the advective, dif-
fusive and reduced heat flows due to heat conduction, advective liquid and vapour
transport and vapour diffusion. The production of energy due to phase changes occurs
only for a component or phase specific formulation. For the whole system they must
vanish as the specific phase change enthalpy is considered within the specific inner
energy.  therefore accounts for external energy sources, for instance due to chemical
reactions, which are not directly included into the system of balance equations.

(2.4)

The nomenclature used here follows the definition in Funk & Grunewald (2005). Hence
specific state variables use small, but similar letters as the corresponding extensive
quantities. The volume-specific mass therefore reads  coming from 
and not  as one might expect for a density. For a detailed explanation of the used
symbols, please refer to the List of Symbols and Abbreviations.

2.1.3 Constitutive equations for heat, air and moisture

The constitutive equations specify the fluxes used within the balance equa-
tions. They represent the assignment of transport coefficients to their driving forces.
According to Funk & Ghazi Wakili (2007), the different driving forces can be used equiv-
alently as long as they are derived from independent state variables. The difference,
however, whether choosing the actual thermodynamic potential or not, occurs in the
number of fluxes which have to be taken into account and in the ability to include fur-
ther phenomena as effects of hysteresis and the transport of salt or volatile organic
compounds (VOC), see e.g. Funk et al. (2003) and Nicolai & Zhang (2006). Using a driv-
ing force not being the actual driving potential may cause artificial flows or emphasize
the influence of side effects which in that case can not be neglected anymore. Moreo-
ver, the extension to effects as the hysteresis of moisture storage may become more dif-
ficult as other driving forces assign them additionally to the transport coefficients and
not only to the water content - water potential relation.
From the above given balance equations one can see the number of fluxes in need to be
specified. In particular, there are the reduced heat flow, the advective air mass flow,
the advective water mass flow and the vapour diffusion.
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2.1.3.1 Heat transport

The elements in curly braces within eq. (2.4) mark the different flows contrib-
uting to the total heat flow. All except one depend on mass flows which also transport
energy. The only heat flow independent of mass flows is the conductive or reduced
heat flow  due to heat conduction. It is proportional to the temperature gradient
and can be expressed by Fourier’s law:

(2.5)

The thermal conductivity  is dependent on the material, its structure and on the mois-
ture content.

2.1.3.2 Air mass transport

The air mass balance of eq. (2.3) consists of the advective and the diffusive air
mass flow. The latter corresponds with the vapour diffusion, since if vapour diffuses
into one direction, air must diffuse in the opposite one. 
The advective air mass flow is related to the gas pressure gradient and to gravity in
direction of .  is the advection coefficient of the gaseous phase (Grunewald (1997)
and Funk & Grunewald (2005)).

(2.6)

2.1.3.3 Moisture mass transport

In literature different approaches exist assigning the moisture flow to a driving
force which causes a number of different approaches to define the corresponding
material parameters, i.e. material models. According to eq. (2.2), the total moisture flux
contains an advective liquid flow, an advective vapour flow and a diffusive vapour
flow. As the advective water vapour transport is associated with the advective air flow,
it can be derived from eq. (2.6).

(2.7)

Due to its minor contribution to the whole moisture current, this flow is usually
neglected, as further explicated in paragraph 2.1.4 Remarks on heat, air and moisture
transport below. As follows, the advective liquid water flow and the diffusive vapour
flow will be examined in detail. Both of them follow different transport mechanisms.
Hence, a distinction between water vapour transport and liquid water transport is
appropriate.

jk diff,
Q

jk diff,
Q λ xk∂

∂T⋅–=

λ

k Kg

jadv k,
Ma mavk

Mg ma
mg
------- Kg xk∂

∂pg mggk+⋅ ⋅= =

mvvk
Mg mv

ma
------- jadv k,

Ma⋅
mv
mg
------- Kg xk∂

∂pg mggk+⋅ ⋅= =



Heat and mass transport in porous media

23Validation of hygrothgermal material modelling under consideration of the hysteresis of moisture storage

Water vapour transport

Without advective contributions, vapour transport reduces to vapour diffusion.
According to Fick (1855), diffusion can be described as a transport process proportional
to a concentration gradient. 

Fick’s first law (2.8)

 is called the diffusion coefficient of component  and is dependent on the kind of
diffusing particles as well as on the medium in which diffusion occurs. Regarding air
as an ideal gas allows the use of the ideal gas equation.

   rearranged to vapour yielding   (2.9)

Applying eq. (2.9) to eq. (2.8) replaces the concentration gradient by the vapour pres-
sure gradient. As the diffusive component is vapour, the  might be replaced by .

(2.10)

The vapour pressure is a function of relative humidity and temperature according to
the following relation: . The saturation vapour pressure  is tempera-
ture dependent. A functional description can be found e.g. in DIN 4108-3.
Vapour diffusion within porous materials is influenced by the vapour diffusivity in air,
by the material’s pore structure, and its water filling level. Therefore  is normally
expressed by the diffusion coefficient of vapour in air reduced by a so called vapour
diffusion resistance factor . A number of empirical relations exist for the vapour dif-
fusion coefficient in air. The most common one was found by Schirmer (1938), which is
also given in DIN EN ISO 12572:

vapour diffusion coefficient in air (2.11)

In eq. (2.11),  is the reference gas pressure of 101323 Pa. A good overview on relations
found by other authors is given by Galbraith (1992).
The vapour diffusion resistance of a material is expressed in form of a vapour diffusion
resistance factor  indicating how many times less vapour can diffuse through the
material in the same time than through still air. The vapour diffusion coefficient of a
material can be expressed by eq. (2.12).
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For material modelling, the vapour diffusion coefficient will normally be a function of
the volumetric moisture content . There has been a long discussion whether the
vapour diffusion coefficient is dependent on the moisture content or not. This topic is
not going to be stretched here anymore, although a general dependency on the pore
filling level appears rather conclusive, as liquid water also reduces the pore space
available for vapour diffusion. Further opinions on that will be discussed in the frame
of the particular material models.
The following equation specifies the vapour diffusion flow within porous materials
and defines the respective coefficients. Sometimes the temperature  (as reference
temperature) and the gas constant of vapour  are integrated into the diffusion coef-
ficient, in which case it will also be accentuated within the particular material model. 

(2.13)

Some authors, as Künzel (1994), Krus (1995) and Klopfer in Lutz et al. (2002), further dis-
tinguish the molecular processes of diffusion. But these processes are difficult to be
identified during measurement, which is the reason why they finally still apply to
Fick’s First Law in the form of eq. (2.13).

Liquid water transport

Advective liquid water transport, in eq. (2.2) regarded to as the product of liquid water
mass density multiplied with the mean liquid mass velocity, , can be expressed
in different ways. As mentioned above, different approaches based on independent
state variables can be used equivalently, although applying another than the actual
driving potential might cause additional problems (Funk & Ghazi Wakili (2007)). Most
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Figure 2.3: Definition of capillary pressure in the porous system following Krischer (1956), 
Dullien (1979), Descamps (1997), Roels (2000) and Häupl (2006).
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common are descriptions depending on the liquid/capillary pressure gradient and
those which apply to Fick’s First Law by the aid of the diffusion equation (2.8).
The actual cause of liquid water movement in porous media is the liquid pressure gra-
dient or the capillary pressure gradient, respectively (see e.g. Dullien (1979) and Bear &
Bachmat (1991)). Due to cohesion and adhesion forces, the interface of liquid and gase-
ous phases stays under tension. It is called the surface tension  and is dependent to
both fluids. At the contact surface between liquid and solid phase, a defined angle 
called contact angle forms depending on the liquid, the solid material, the surface
roughness and others, which is shown in Fig. 2.3 at the left. The capillary pressure 
within the pore system of a porous medium, defined as the difference of liquid pres-
sure  and gas pressure , can then be derived in dependence to the surface tension

, the contact angle  and the pore radius , as shown in Fig. 2.3 at the right and
given in eq. (2.14). This equation is known as Laplace equation.

Laplace equation (2.14)

The dependence of the capillary pressure on the contact angle plays an important role
for the modelling of moisture transport in porous media. Thus, big efforts have been
undertaken to determine the contact angle for different solid-liquid-air compositions,
as can be seen e.g. in Dullien (1979) and Atkins & de Paula (2006). In Building Physics,
the recent work of Adolphs et al. (2002) concerns this topic.
Another phenomenon called contact angle
hysteresis additionally complicates the capil-
lary pressure relation. For advancing liquids,
the contact angle  is often found to be sig-
nificantly larger than for receding ones, see
Fig. 2.4. This one and other effects influence
the relationship between state variable and
potential i.e moisture content and moisture
potential. As this problem is part of the trans-
port theory, see Fig. 2.1, it will not be further
emphasized here. A common simplification
is to directly measure the capillary pressure -
moisture content relation and set  leading to  which repeals that
dependence. Some additional remarks will be given below in paragraph 2.1.4.3 Mois-
ture storage and paragraph 2.1.4.4 Hysteresis of moisture storage.
The constitutive equation for advective liquid water using the capillary pressure gra-
dient as the driving potential is given in eq. (2.15). It represents an adaptation of Darcy’s
Law (e.g. Whitaker (1986) and Galbraith (1992)). The liquid water conductivity 
with unit [sec] is dependent on the porous medium and is a function of the moisture
content. Insertion of eq. (2.15) into the balance equation (2.2) yields the differential
equation of liquid water transport which is often referred to as Richards-equation.

(2.15)
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The other common way to describe the advective liquid water flow is to apply Fick’s
First Law (2.8) assuming the liquid water movement to follow the water concentration
gradient (Philip & De Vries (1957), De Vries (1958), Häupl (1987), Künzel (1994), Pel (1995)
and others). It is given in eq. (2.16) as follows.

(2.16)

The liquid water diffusivity  has the unit  and depends on the porous
medium as well as on the moisture content. Under some assumptions as isothermal
conditions and the validity of the Boltzmann-transformation,  can be derived
from measured moisture profiles; this is one reason why this approach is widely
applied although it has very limited expandability (Rawlins & Gardner (1963)).

2.1.4 Remarks on heat, air and moisture transport

It is not the intention of this work to point out the theory of heat and mass
transfer in porous media most precisely. But since this theory is the basis material mod-
elling stands upon, a rough overview of its substantial principles and assumptions was
meant to be given. Within a general but preferably straight survey, some issues could
not be highlighted the way they might require, which is the reason why, concluding
this introductory chapter to heat, air and moisture transport, some additional remarks
shall be passed.

2.1.4.1 The air mass balance

The above given theory concerns heat, air and moisture transport. Under the
assumptions listed in paragraph 2.1.1 Transport processes, the air mass balance is
though very limited. It is thus neglected in most cases this theory is applied to, assum-
ing immediate gas pressure equilibrium with the environment.
In case of moisture transport in a totally sealed specimen, this assumption may cause
significant errors, as proved e.g. by Wilson & Luthin (1963), Youngs & Peck (1964), Peck
(1965a), Peck (1965b), Touma & Vauclin (1986) and Descamps (1997). Therefore for both,
numerical and experimental investigations, the problem of gas pressure equilibrium
has to be taken into account. The sealing of specimen, on the one hand, may be pierced
a couple of times to allow pressure equilibrium. Numerical simulation of moisture
transport in a totally sealed (unpierced) specimen is, on the other hand, under this
assumption subject to errors.
For hygrothermal material modelling, immediate gas pressure equilibrium is normally
assumed and the air mass balance and the air mass permeability are neglected. To be
consistent, the following assumption should be added to the list in paragraph 2.1.1
Transport processes:

• Gas pressure changes equalize immediately. The advective air flow 
velocity is so small that the air mass balance and its contribution to 
vapour transport can be neglected.
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Hygrothermal material modelling generally disregards the air mass balance if not
specified differently within the corresponding paragraphs.

2.1.4.2 Hygroscopic and overhygroscopic moisture range

The range of moisture contents from totally dry to saturation is often subdi-
vided in two: the hygroscopic and the overhygroscopic moisture range (Broken (1998) and
Scheffler et al. (2007-a)). The borderline between them is not clearly to be drawn since
they pass over into each other. Its definition depends on the certain material proper-
ties. 
The hygroscopic moisture range is defined between 0% and 95% to 98% of relative
humidity. It describes the range, where water molecules are absorbed at the inner
material surface with an increasing number of molecular layers but where no continu-
ous liquid phase exists. The vapour transport dominates the liquid water transport or
both are of the same order of magnitude, respectively.
The overhygroscopic moisture range is defined from above 95% to 98% relative
humidity up to saturation. The absorbed water starts to form a continuous liquid phase
and capillary condensation occurs. The liquid water transport dominates the transport
by vapour diffusion. Normally, moisture content and relative humidity at the point
where the sorption isotherm starts to have a strong increase are taken as the transition
between both moisture ranges.

2.1.4.3 Moisture storage

Porous media possess the ability to store moisture under a given moisture
potential. As moisture potential, either the relative humidity  or the capillary pres-
sure  can be regarded. For pure water, both can be converted into each other apply-
ing the Kelvin equation (2.17). The moisture storage function can hence either be
expressed in dependence on the relative humidity  or in dependence on the cap-
illary pressure  as shown in Fig. 2.5.

Kelvin equation (2.17)

Different processes of moisture absorption occur within the different moisture ranges.
Starting with a completely dry porous medium, at low relative humidities water mol-
ecules are bound at the inner surfaces. Due to the binding forces, first a molecular mon-
olayer establishes. With increasing relative humidity the number of molecular water
layers increases until capillary condensation occurs inside the small pores. A further
increase of moisture potential causes that also the larger pores fill up and capillary
absorption becomes the important mechanism of moisture storage up to saturation.
Strictly speaking, the Kelvin equation is not valid for the whole moisture range since a
continuous liquid phase, at least inside the small pores, and thus more than a few
molecular water layers at the inner surface is required. However, it offers a good illus-
tration of the moisture storage function within the different moisture ranges, as the
effects of water sorption and capillary condensation become apparent in the sorption
isotherm and the effect of capillary absorption in the moisture retention characteristic,
see Fig. 2.5. 
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The processes of sorption have been studied for a long time. Starting with Langmuir
(1918) describing monolayer adsorption, and Brunauer et al. (1938) and Everett (1950)
who described the processes of multilayer adsorption, many thermodynamical
approaches concerning physisorption have been derived. A well structured overview
can be found in Adolphs (1994). Moreover, Adolphs (1994) and Adolphs & Setzer (1996)
derived a new method based on the Gibbs adsorption equation whose validity could be
enlarged into the range of capillary condensation. A general description of the proc-
esses of moisture storage with respect to Building Physics can be found on behalf of the
vast number of publications in Häupl (1987), Pedersen (1990), Galbraith (1992), Krus
(1995), Broken (1998) and Espinosa (2004).
The moisture storage function marks equilibrium stages. It is an important material
property for material modelling describing the relation between state variable (mois-
ture content) and potential (relative humidity or capillary pressure). Therefore, it rep-
resents the connection between the balance and the constitutive equations. Moreover,
due to the relation given in eq. (2.14) and the simplification of vanishing dependence to
the contact angle, a number of material models use the moisture storage function to
derive the liquid water conductivity applying different pore models.

2.1.4.4 Hysteresis of moisture storage

As indicated in Fig. 2.4, the moisture storage function is not a unique but proc-
ess dependent relation. Although describing stages of equilibrium, the function
belonging to a desorption process takes higher values than one following an adsorp-
tion process, which is schematically illustrated in Fig. 2.6. 
Responsible for this behaviour are a number of effects as 

• the ink bottle effect, i.e. big pores are connected to the pore system 
only via small pores and thus stay filled until the small pores are 
emptied,
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Figure 2.5: Moisture storage function as moisture retention characteristic in dependence to 
capillary pressure (left) and as sorption isotherm in dependence to relative 
humidity (right).
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• entrapped air inside the water filled pore system can not leave, which 
is an inversion of the ink bottle effect,

• changing contact angles for advancing and receding liquid in a 
capillary and

• physical or chemical changes of the pore system due to water (i.e. 
shrinkage and swelling, chemical reactions etc.)

Hysteresis in literature

A selection of literature available on
measurement and modelling approaches
to the hysteresis are briefly outlined in
the following section. The effect of hys-
teresis in the relation of moisture content
and moisture potential was first reported
by Haines (1930). 
In Everett & Whitton (1952) a general dis-
cussion of the hysteresis can be found,
giving a unified approach to a general
modelling of hysteretic effects which is
not only limited to adsorption processes.
It is called the independent domain
model and was further developed by
Everett & Smith (1954), Everett (1954),
Everett (1955), Enderby (1955) and Enderby
(1956). Poulovassilis carried out experi-
ments with columns of mixed sand fractions to prove the model of independent
domains (Poulovassilis (1962) and Poulovassilis (1969)) and investigated the effect of air
entrapment in Poulovassilis (1970). The computational model was further simplified by
Mualem (1974) and Mualem (1976b) implying that the geometrical relationship of the
contact angle is independent of the pore size. The model allowed to predict the mois-
ture content - moisture potential relation only in dependence to the main curves of wet-
ting and drying.
The existence of hysteresis also in the capillary conductivity - water content relation
was long disputed. Poulovassilis & Tzimas (1975) and Tzimas (1979) could prove exper-
imentally a significant hysteretic behaviour for the relation of moisture content and
moisture potential and also for the relation of capillary conductivity and moisture
potential but found that no hysteresis exists for the relationship of capillary conductiv-
ity and moisture content.
Jaynes (1985) investigated four different hysteresis models with emphasis on the
pumping effect, indicating that a linear scanning curve would be the algorithm of
choice. In Jaynes (1992) a profound discussion on the different existing approaches to
model hysteresis is given.
A numerical study on the effect of air entrapment, either applying a hysteresis model
or using the main wetting or the main drying curve only, is reported by Kaluarachchi &
Parker (1987). They concluded that even if no profound data is available, the use of a
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Figure 2.6: Hysteresis of moisture storage.
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simple and low parametric hysteresis model instead of no hysteresis model is to be pre-
ferred. Moreover, their simulations showed that the use of the main drying curve pro-
duced much larger deviations than the use of the main wetting curve.
Viaene et al. (1994) tested six hysteresis models, the models of Mualem (1974) and Jaynes
(1985) among them, and compared their simulation results with own measurements
and with data reported in literature. Emphasis was placed on models requiring only
input data of either one or both main curves (drying and wetting). The investigation
revealed that the conceptual models by Mualem (1974) and Mualem (1984) using the
main wetting and the main drying curve as input data delivered the best results. How-
ever, the importance of considering the domain interdependency accounted for by
Mualem (1984) could not be shown. Of the two examined empirical models, the one
pronounced by Jaynes (1985) delivered acceptable results, which could be improved if
the modelling parameters were not set fixed but adjusted using measured scanning
curve data. Finally, Viaene et al. (1994) concluded that hysteresis models using only one
branch do not lead to significantly better results than disregarding hysteresis. In such
a case, they suggest to use the model by Parlange (1976) to generate the other branch
and then use one of the conceptual 2-branch models.
More recent works on hysteresis are reported e.g. by Simunek et al. (1999) and Beliaev &
Hassanizadeh (2001). Simunek et al. (1999) used cone permeameter measurements to
determine the soil moisture retention and the hydraulic conductivity from infiltration.
Analysis of the infiltration and redistribution phase allowed to estimate both, wetting
and drying curves. They used a simple empirical model for their simulations deliver-
ing good agreement. However, only the pressure head characteristics were evaluated,
since no water contents were measured. Beliaev & Hassanizadeh (2001) distinguished
between hysteretic effects and dynamic effects. They derived the capillary pressure
from thermodynamic considerations to be dependent not only on the pressures of the
fluid phases, but also on the temporal rate of change of saturation. Two models are
introduced that incorporate two different, rather simple scanning curve relations but
account for both, hysteretic and dynamic effects.
For measurement of soil hysteretic behaviour, the instantaneous profile measurement
technique was introduced by Plagge (1991) and Sobczuk et al. (1992). The method
applies Time Domain Reflectometry (TDR) sensors to measure moisture content and
tensiometers to measure moisture potential versus time. Sensors are installed at differ-
ent sample positions delivering instantaneous profiles of the moisture content - mois-
ture potential relation in time. An error analysis for the derivation of the hydraulic
conductivity from these measurements has recently been done by Slawinski et al. (2006).
In Building Physics, hysteresis is mostly neglected. Pedersen (1990) applied a simple
hysteresis model in his simulation program but used very simplified material func-
tions. Espinosa (2004) developed a hysteresis model for hardened cement paste and
mortar. Unfortunately, this model is valid only in the hygroscopic moisture region.
Plagge et al. (2006b) and Scheffler et al. (2006) applied the instantaneous profile measure-
ment technique also to building materials indicating dependencies of both, hysteresis
of moisture storage and an influence of the process dynamics. A summary of mecha-
nisms of sorption and approaches to hysteresis was given by Funk (2006).
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Implications of hysteresis on material modelling

Although the modelling of hysteretic behaviour is not the task of this work, the hyster-
esis of moisture storage influences material modelling. As mentioned above, only the
relation of moisture content and moisture potential (capillary pressure or relative
humidity) is hysteretic but not the relation of capillary conductivity and moisture con-
tent. Material models describing the advective liquid water flow in dependence to the
capillary pressure according to eq. (2.15) will thus have a transport function which is
independent to hysteresis. There, only the moisture storage function contains hystere-
tic effects. For material models that use Fick’s law to describe the advective liquid water
flow according to eq. (2.16), however, also the transport function becomes hysteretic,
see eq. (2.22).
To avoid the necessity to change the material model - including all adjusted material
functions - in case a hysteresis model is included into the transport theory, material
modelling should account for the requirements of established hysteresis models. These
models normally necessitate at least one main branch, better both, the main wetting
and the main drying branch of the moisture storage function. Therefore, material mod-
els using the conductivity approach and providing an adsorption and a desorption
moisture storage function would be immediately compatible. Material models using
the diffusivity approach, on the other hand, would require further modelling since also
the liquid transport function is hysteretic. 

2.2 Material Modelling in Building Physics

With respect to the different approaches to describe liquid water transport,
material modelling in Building Physics is divided into diffusivity and conductivity
approaches. A literature review on both will be given in the following subsections. The
nomenclature of the different approaches is adopted to the general rules of nomencla-
ture which are used here. Therefore the symbols of coefficients and variables might
look different of what they were given by the corresponding authors.

2.2.1 Diffusivity approaches

Based on the works of Krischer (see e.g. Krischer (1940), Krischer (1942) and
Krischer (1956)), the diffusion equation (2.8) was often applied in Building Physics, not
only for vapour but also for liquid moisture transport according to eq. (2.16). Before
numerical simulation was possible the way it is today, analytical solutions were
required for both, heat and mass transfer. One big advantage of the diffusion equation
is that under isothermal conditions the transport equations for moisture can be solved
analytically, as e.g. shown by Häupl (1987). The moisture profiles can be described by
a functional approach where the diffusivity function can be derived from. The basic
ideas of this method are briefly described before reviewing on functional approaches
for the liquid water diffusivity found in literature.
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Diffusivity approach in general

Diffusivity approaches are normally derived from moisture profiles of water uptake or
drying experiments under isothermal conditions, see e.g. Häupl (1987), Pel et al. (1996),
Hansen & Hansen (2002) and Carmeliet et al. (2004). Inserting the diffusion equation
(2.16) into the balance equation (2.2) yields eq. (2.18) under negligence of source pro-
duction rates and the advective and diffusive vapour transport. In this equation, the
density of the liquid phase  is reduced, leading to the volumetric water content .

(2.18)

By the help of the Boltzmann transformation, the spatial and the time variable can be
transformed into one new variable, commonly called , according to eq. (2.19).

(2.19)

When determining both derivatives and applying it to eq. (2.18), the diffusion equation
can be written as follows. By that, this partial differential equation reduces to an ordi-
nary differential equation depending only on one variable.

(2.20)

Now, eq. (2.20) can be transformed into eq. (2.21), where the diffusivity can be directly
calculated from measured moisture profiles. Typically, all moisture profiles fall
together forming only one curve in the  scale. The area under that curve is the liq-
uid water diffusivity.

(2.21)

As indicated above, this derivation is valid only under isothermal conditions and
within a moisture content range in which the diffusivity function can be defined.
Therefore, the validity range is restricted to the moisture contents which occur within
the measured moisture profiles. The lower integration boundary is normally set to

, while the upper integration boundary is set to the saturation water content .
The maximum water content reached during water uptake experiments is often called
the capillary saturation water content . In its strict sense it is the highest water con-
tent occurring within the moisture profiles, which is typically reached at the imbibition
surface. However, since often moisture profiles are not available, the water content at
the end of the water uptake experiment or at that time, where the absorbed water mass
deviates from the linear increase in a square root of time scale, are considered as .
Looking at measured moisture profiles reveals, that this is only an approximation
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where especially the simplification of taking the water content at the bend of water
uptake might lead to an underestimation of this water content. For the maximum
water content of the diffusivity approaches, the denotation  is used here due to the
different possibilities of its determination and inconsistent definition found in litera-
ture.
The water diffusivity function can be calculated from measured moisture content pro-
files according to eq. (2.21). On that basis, numerous approaches have been developed
to describe the found shape of the diffusivity in general. Those predefined functions
typically contain free parameters that can be adjusted either using measured moisture
profiles or measured integral water uptake curves. Depending on the particular
approach, the lower integration boundary is often set to a value  and  is deter-
mined by one of the possible ways discussed.
Calculating liquid transport with the aid of the diffusion equation (2.16) or (2.18) does
not require the application of the moisture storage characteristic to determine the mois-
ture potential. Instead, the gradient of water content itself is regarded to be the driving
force of liquid transport. Thus, the moisture storage function is not as an important
material property for diffusivity approaches as it is in case the liquid water conductiv-
ity is used. An explicit function or description of the moisture storage characteristic is
therefore rarely given in literature when dealing with water diffusivity.

Connecting Diffusivity and Conductivity

In case of thermodynamic equilibrium, both transport functions, the liquid diffusivity
 and the liquid conductivity , can be converted into each other via the

derivative of the inverse moisture storage function  as given in eq. (2.22).

(2.22)

Apparently, the hysteresis of the moisture storage function would lead to different dif-
fusivities depending on the branch used for this calculation. As discussed above, the
liquid water diffusivity would have to be also process dependent if the hysteresis of
moisture storage is to be included into a diffusivity approach.
For a dispartment of vapour and liquid transport, diffusivity and conductivity values
are often calculated from vapour diffusion measurements. The vapour diffusivity can
be calculated according to equations (2.11) and (2.12) in dependence to the vapour dif-
fusion resistance factor . Determined from dry cup measurements (refer to DIN EN
ISO 12572), the vapour diffusion resistance factor  is normally used to determine
the vapour diffusivity. Cup measurements at higher relative humidities, called wet
cup measurements, deliver -values depending on both, liquid and vapour transport.
Thus, from the different transport rates of wet cup and dry cup measurements, the liq-
uid transport at the corresponding relative humidities of the wet cup measurements
can be derived. 
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The vapour diffusivity according to eq. (2.23) is associated with the vapour pressure
gradient. Relating it to the capillary pressure requires the multiplication with the ratio
of vapour and water density , leading to the vapour conductivity  specified in
eq. (2.24), where  is the saturation vapour pressure depending on temperature.

(2.24)

At the common conditions of dry cup measurements, moisture transport arises only as
vapour diffusion. For  and the corresponding mean relative humidity and temper-
ature, eq. (2.24) thus delivers the vapour conductivity. For wet cup -values however,
inserting the temperature and mean relative humidity of the corresponding measure-
ments, eq. (2.24) gives the moisture conductivity . The difference of both, moisture
and vapour conductivity, yields the liquid water conductivity at the mean moisture
potential chosen for the wet cup measurements according to eq. (2.25).

(2.25)

Using eq. (2.22), the liquid water diffusivity can be calculated from this conductivity
value according to eq. (2.26). The slope of the inverse moisture storage function  in
the corresponding relative humidity range is required for this calculation. An illustra-
tion of the required quantities is given in Fig. 2.7.
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Figure 2.7: Definition of quantities required for calculation of liquid water conductivity and 
diffusivity in dependence to wet cup vapour diffusion measurements.
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2.2.1.1 Diffusivity approach according to Häupl

In previous publications, Häupl dealt with analytic solutions for the differen-
tial equation of isothermal moisture transport, as it is given in eq. (2.18). In Häupl (1987),
besides a number of more simplified approaches for special cases, he introduced the so
called standard diffusivity function which is given in eq. (2.27) and in Fig. 2.8 at the left.
For this standard diffusivity function, as well as for the second diffusivity approach
according to Häupl & Fechner (2003a), it is possible to determine an analytic solution of
the water uptake problem.

Häupl’s standard diffusivity (2.27)

There, the parameter  is a shape factor moving the strong slope of the diffusivity func-
tion to lower water contents for  and to higher water contents for . If 
takes values , the diffusivity function will have a maximum moving in direction
of  for increasing values of . The parameter  marks the diffusivity value at
saturation where . In Häupl et al. (1999), relation (2.28) is given allowing to cal-
culate  in dependence to  and to the water uptake coefficient .

(2.28)

A second diffusivity approach reported by Häupl & Fechner (2003a) is given in eq. (2.29)
and in Fig. 2.8 at the right. As an additional parameter, a fixed water content  is
introduced at which liquid water transport inside the material begins. It is specified to
be the sorption moisture content of , taking values between 35% and 80% relative
humidity. It is not fixed but has to be either adjusted or chosen depending on available
material data. For  a slightly different relation is given with eq. (2.30) depending on
the water uptake coefficient , the parameter  and on . Häupl gives a relation
for the parameter  depending on the water penetration coefficient . But
as the influence is rather small and the penetration depth of the water front  also
requires to measure moisture profiles, Häupl & Fechner (2003a) propose to set  fixed
to .
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The standard diffusivity function (2.27) is very flexible and, thus, suitable for most
building materials. Measured data of a water uptake experiment is required to deter-
mine . The parameter  can be adjusted by simulating the experiment or by the aid
of measured moisture profiles. Typical values of  for a number of materials are spec-
ified in Häupl (1987) and Häupl et al. (1999). However, parameter identification is diffi-
cult if no numerical simulation of experiments due to lack of data and no „qualified
guessing“ is applied. In addition, the standard diffusivity function tends to overesti-
mate liquid water transport in the lower moisture range.
The modified diffusivity function (2.29) prevalently holds with higher diffusivity val-
ues at lower water contents tightening the problem of overestimation in that moisture
range. In general, this function applies well to the physical definition of a diffusivity,
i.e. comprising a codomain from zero to infinity. It therefore follows the typical
increase of a diffusivity at saturation, as it was proved by measured data e.g. by Pel
(1995), Pel et al. (1996) and Krus (1995), much better than other models. However, with
regard to the lower moisture content range, the approach is suitable only for a limited
selection of materials. The parameters of this function can be derived from basic stand-
ard experiments which are usually available. If, as proposed,  is set to , only the
water uptake coefficient  and the moisture content  remain, where the choice
of  is of lower influence and can be set to a sorption value between 35% and 80% rel-
ative humidity. The fixing of  leads to less flexibility though.
For the description of vapour transport, Häupl uses the reduction of vapour diffusion
in air by the vapour diffusion resistance factor  as given in eq. (2.12) and eq. (2.13). A
lucid discussion on the dependency of  on the one hand and the vapour diffusivity

 on the other hand to the moisture content can be found in Häupl (1987). How-
ever, a vapour transport function depending on the moisture content is not specified
there.
Since the moisture storage function does not play the central role within the diffusivity
approaches, a functional description, given in eq. (2.31), can only be found in Häupl &
Fechner (2003a) where it is also used for a conductivity approach. The function is based
on a sum of distribution functions. The integral of the pore volume distribution func-
tion is considered as the moisture storage function.
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Figure 2.8: Standard water diffusivity according to Häupl (1987) at the left and liquid 
water diffusivity according to Häupl & Fechner (2003a) at the right.
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moisture storage function (2.31)

Here, the parameter  is the modality which equals the number of maxima in the pore
radii distribution.  are the pore radii at the maximum positions,  are the volumet-
ric moisture contents corresponding to those maxima and  are shape parameters
specifying the steepness in the moisture storage function. All parameters are to be
adjusted to measured sorption and retention data.

2.2.1.2 Diffusivity approach according to Pel

In Pel (1995), the description of liquid water and water vapour transport mech-
anisms is outlined phase separated. Effects as hysteresis are discussed as well as the
influence of surface diffusion and liquid water islands on vapour transport. Pel speci-
fies a vapour diffusivity function with several parameters considering an increase due
to the mentioned effects. However, neither this function, nor the phase separated
approach in general is used. Instead, he defines a moisture diffusivity  accounting
for both, liquid and vapour transport. Therefore, he introduced an exponential func-
tion containing two adjustable parameters. It is given in eq. (2.32) in its normalized
form.

(2.32)

The parameter  is the minimum
diffusivity at . The parameter 
delivers the slope of the function. Pel
uses both parameters to adjust the
diffusivity function to measured
moisture profiles. In Pel (1995)
examples of the parameter values
are given for a couple of materials.
Although restricted to the exponen-
tial function, the approach has a
good flexibility. However, it
requires either the measurement of
moisture profiles as given by Pel
(1995) and Pel et al. (1996) or a com-
bination of measured data and
numerical simulation to adjust the
parameters correctly. Especially for

 this might be difficult, if no
vapour diffusion or drying data is available. Thus, the approach is not suitable for sim-
plified simulation where only few parameters are known. An explicit description of
the moisture storage function is not given by Pel (1995).
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Figure 2.9: Moisture diffusivity 
according to Pel (1995).
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2.2.1.3 Diffusivity approach according to Kießl and Künzel

On the basis of the theory by Philip & De Vries (1957), De Vries (1958) and other
authors, heat and moisture transport has been modelled phase separated by Kießl
(1983). He defined several transport coefficients for liquid water and water vapour
transport. However, their practical determination is not elaborated. Instead he only
refers to publications concerning moisture property measurement.
Following Kießl (1983), the material coefficients were simplified with regard to their
practical determinability by Künzel (1994). For the moisture storage function, a simple
rational approach containing two parameters is given in eq. (2.33). One is the moisture
content at free water saturation . The other parameter, called , has to be adjusted
to measured sorption and retention data.

(2.33)

The hysteresis of moisture storage is briefly discussed by Künzel. Based on measured
moisture storage data in the hygroscopic moisture range and on conclusions drawn by
Pedersen (1990), he regards the hysteresis in the moisture storage function to be negli-
gible. However, inconsistency is to be stated in the discussion of Künzel (1994).
The investigations reported by Pedersen were done with the conductivity, not with the
diffusivity approach. He used very simplified material functions and performed sim-
ulations for different structural applications. In these special cases, the influence of the
hysteresis was relatively small, which is the reason for the conclusions in Pedersen
(1990), who did not perform a sensitivity study on hysteresis. 
On the other hand, Künzel (1994) proposes to consider the impact of the hysteresis,
which in case of the diffusivity approach is also assigned to the transport function, see
discussion above in section Connecting Diffusivity and Conductivity. He discusses the
necessity to define two diffusivity functions, one for suction (adsorption) and one for
further distribution, when no water contact is applied to the material (desorption).
For the liquid water transport coeffi-
cient in general, Künzel refers for the
hygroscopic moisture range to a rela-
tion calculating the liquid water diffu-
sivity from vapour diffusion
measurements at higher relative
humidities (wet cup measurements)
and for the capillary moisture range to
the determination from measured
moisture profiles. Unfortunately it is
not specified how to combine them.
However, a simplified approach in
dependence to the water uptake coeffi-
cient  and the saturation moisture
content  is given according to eq.
(2.34).  describes the liquid water
diffusivity for suction which is valid, if
water contact is applied.
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Figure 2.10: Liquid water diffusivity 
according to Künzel (1994).
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(2.34)

A diffusivity function for further distribution , as discussed by Künzel (1994), is not
given explicitly. A remark states that for   would be approximately one
order of magnitude lower than .
In contrast to Kießl (1983), who defined a moisture content dependent vapour diffusion
coefficient with a distinct maximum due to short-cuts at capillary water islands (an
argumentation introduced by Philip & De Vries (1957)), Künzel (1994) denies this
dependency. Instead he uses a constant vapour diffusion coefficient according to eq.
(2.12) which does not depend on the moisture content. Although his discussion con-
cerning an increasing vapour diffusion coefficient as pronounced by Kießl (1983) is con-
clusive, the reduction of available cross section due to an increase of moisture content
is not considered by Künzel (1994).

2.2.1.4 Diffusivity approach according to Krus and Holm

Based on the developed numerical modelling of heat and moisture transport
by Künzel (1994) and the experimental methods for determination of material proper-
ties according to Krus (1995), a more flexible diffusivity approach was introduced by
Krus & Holm (1999). They apply an exponential formulation, which is given in eq. (2.35).

(2.35)

An example of this approach is
shown in Fig. 2.11. In logarithmic
scale, eq. (2.35) forms a linear function
between the two points  and .
According to the specifications in
Krus & Holm (1999),  can be deter-
mined from the difference in mois-
ture flux between dry cup and wet
cup experiments as it was explained
above in section Connecting Diffusiv-
ity and Conductivity. An evaluation of
these experiments for different build-
ing materials, reported in Krus (1995),
revealed that  often takes values
between  and .
For this reason, as an approximation,
Krus and Holm proposed to generally
set  to . This diffu-
sivity value is actually associated with the sorption moisture content at the mean rela-
tive humidity of the wet cup experiment used to determine . But, since this moisture
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Figure 2.11: Liquid water diffusivity according 
to Krus & Holm (1999).
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content might often not be available, it is recommended to regard it to the moisture
content at 80% relative humidity. 
For the determination of the diffusivity value at saturation , Krus & Holm (1999) give
an implicit formulation according to eq. (2.36).

(2.36)

with     

Equation (2.36) can be rearranged to eq. (2.37) separating the known material parame-
ters to the right hand side and the unknown parameter  to the left hand side. The
known material parameters are the water uptake coefficient  and the moisture con-
tents  at 80% relative humidity and  at saturation. The evaluation of eq.
(2.37) can either be done by iteration or by graphical evaluation. A diagram for graph-
ical evaluation can be found in Krus & Holm (1999).

(2.37)

As already done by Künzel (1994), the
authors also propose the use of two
diffusivity functions, one for capillary
suction under water contact and one
for liquid water transport without
water contact (further distribution),
see also Fig. 2.12. Both diffusivity
functions are calculated according to
eq. (2.35) applying different values of
saturation diffusivity . 
For capillary suction, the diffusivity
at saturation  is calculated follow-
ing eq. (2.36) and eq. (2.37) as dis-
cussed above. The saturated
diffusivity for further distribution

 is to be adjusted by numerical
simulation based on drying experi-
ments.
This diffusivity approach was also applied and described by Holm (2001). He adopted
most of the reasoning from Künzel (1994) and Krus (1995), especially concerning the
hysteresis of moisture storage (see discussion under paragraph 2.2.1.3 Diffusivity
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Figure 2.12: Liquid water diffusivities for 
suction and further distribution 
according to Krus & Holm (1999).
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approach according to Kießl and Künzel). For vapour diffusion, Holm utilised the constant
description from Künzel (1994). The discussion of moisture storage was also adopted.
However, an empirical relation containing two adjustable parameters was introduced.
It is dependent to the capillary pressure and given in eq. (2.38). The parameters  and

 are to be adjusted by the aid of measured sorption moisture contents at 80% and
95% relative humidity. Instead of the value at 95% also another value at a preferably
high relative humidity can be chosen.

(2.38)

The approach for the diffusivity is bound to the exponential function. At low moisture
contents, the adjustment of  by the aid of vapour diffusion measurements can be
done properly. The recommendation to set  gives a general approxima-
tion in case no measured data exists, although larger deviations can occur for some
materials. Calculations with own material data revealed a variation of  between

 (for a lime-sand brick) and  (for a calcium silicate). The
diffusivity value at saturation  can be determined rather easily for suction. For fur-
ther distribution, however, numerical simulation has to be applied in combination
with measured drying data. Moreover, the jump between two transport functions is
not a sophisticated solution of the hysteresis problem requiring some kind of empirical
transfer criterion. For simplified calculations where only few material data is available,
as it occasionally occurs with literature data, the approach is expedient.

2.2.1.5 Diffusivity approach according to Carmeliet and Janssen

Two further diffusivity approaches were reported by a consortium of authors
in Carmeliet et al. (2004). One is a general exponential function which is comparable to
the one published by Pel (1995). The other is a sum of a decaying function in the lower
moisture range and an increasing exponential one in the higher moisture range. An
evaluation of those approaches is already given by Scheffler et al. (2007-a). Since both of
them were further improved by Carmeliet & Janssen (2007), only these ones will be
treated here.
The general or, as it is called by Carmeliet & Janssen (2007), simplified diffusivity
approach accounts for the liquid water diffusivity and is defined in eq. (2.39). An exam-
ple chart is given in Fig. 2.13.

(2.39)

The diffusivity function contains two parameters, the diffusivity value at saturation 
giving the maximum value at  and the parameter  which influences the slope. For

 a relation is given in eq. (2.40) depending on  and the water uptake coefficient .
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(2.40)

The function  can be calculated according to eq. (2.41).

(2.41)

Due to relation (2.40) together with eq. (2.41), the approach consists of only one adjust-
able parameter. The authors recommend to adjust  by the aid of measured moisture
profiles, water uptake or drying data. Moreover, in case no further data is available, 
can be set to  which often gives good results.
The approach is restricted to the expo-
nential slope specified by . It does not
require much input data, especially if

 is estimated. Thus, it is suitable as a
simplified approach with the same lim-
itations as discussed already in the pre-
vious paragraphs.
The improved diffusivity model of Car-
meliet & Janssen (2007) is defined as the
moisture diffusivity in logarithmic
scale. It consists of two functions 
and  given in equations (2.42) and
(2.43).  describes the course of the
diffusivity from dry state up to a limit-
ing moisture content , whereas

 accounts for the wet moisture
range from  up to saturation .

for     (2.42)

for     (2.43)

The final moisture diffusivity can be calculated according to eq. (2.44) where the func-
tions of equations (2.42) and (2.43) have to be inserted according to the respective mois-
ture content  for .

(2.44)

The approach contains a total of eight parameters. The diffusivity value at saturation
 can be determined by the aid of the water uptake coefficient , the sat-
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Figure 2.13: Simplified diffusivity according 
to Carmeliet & Janssen (2007).
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uration moisture content  and in dependence to  from eq. (2.40). Due to the demand
of continuity at ,  and  can be equated allowing to express  in
dependence to the other parameters according to eq. (2.45).

(2.45)

This leaves the five parameters , , ,  and  to be determined. Fig. 2.14 shows
the improved diffusivity function and indicates the influence of its parameters. The
authors propose to use values of three vapour diffusion measurements to adjust ,

 and . The parameter  is preferably adjusted by the aid of measured moisture pro-
files during a water uptake experiment. The remaining limiting moisture content 
is to be derived from the drying experiment by numerical simulation, which is only
possible, if the diffusivity in the high moisture range was already adjusted correctly. 
Carmeliet & Janssen (2007) compared
their improved diffusivity approach
with the diffusivity function derived
from a moisture conductivity1 which
was regarded to as the actual moisture
transport function. From a stepwise
parameter identification according to
different levels of available data, they
concluded that a general application of
this diffusivity function, e.g. to calcu-
late hygroscopic loading, a capillary
absorption or a drying, is only reliable
if its parameters were adjusted to the
whole list of material data given above. 
The advantage of this approach is the
high flexibility, especially in the lower
moisture content range. It is possible to
adjust the diffusivity function for a
number of different applications and, thus, receive a functional shape that agrees well
with the ones derived from measured moisture profiles, as reported e.g. by Krus (1995),
Pel (1995) or Pel et al. (1996).
Disadvantageous are the many parameters to be adjusted. It is difficult to have as
much measured data as is required for a unique parameter identification. Especially
measured moisture profiles will be available only for a very limited number of materi-
als. 
In addition, the comparison of Carmeliet & Janssen (2007) was basically done with data
from another model, not with really measured data. The hysteresis of moisture storage
was neither addressed nor was its influence mentioned. The reference diffusivity func-

1. Carmeliet and Janssen use the term permeability for the transport coefficient defined in eq. (2.15) 
which is generally called conductivity here. It has the unit [s] and is associated with a pressure gra-
dient.
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Figure 2.14: Improved moisture diffusivity 
approach according to 
Carmeliet & Janssen (2007).

Ds

F
D0

θlim

shape defined by 
 and a b



Theory of material modelling

44 Gregor A. Scheffler

tion was derived from the conductivity by the aid of the moisture storage function, but
it was not stated whether the adsorption or the desorption moisture storage function
was used. As shown by Scheffler et al. (2007-a), these items have a significant influence
on the resulting diffusivity function. 
For the calculation of hysteretical behaviour, the improved moisture diffusivity is not
applicable. In case the required input data is available, the application of a more
sophisticated conductivity approach is recommended, since the consideration of hys-
teresis as well as further dependencies is possible and the typically larger effort for
parameter identification is comparable to the requirements of this improved diffusiv-
ity approach. However, for demonstration and teaching purposes, the approach is par-
ticularly suitable.

2.2.1.6 Further diffusivity models

A number of further diffusivity models from different authors exists. How-
ever, the basic ideas behind them resemble often, and no further improvement is given.
Taking this into account, only the important approaches with regard to Building Phys-
ics were part of this review. Further publications may be mentioned only briefly in the
following.
One further diffusivity approach was reported by Bednar (2000) who reproduced most
of the contents reported by Künzel (1994) and Krus (1995) poorly structured. Another
approach for the diffusivity function containing two parameters is given. However,
this function is hardly explained and its parameters can only be adjusted by the aid of
numerical simulation of experiments. The influence of hysteresis is not discussed. For
vapour diffusion, a moisture dependent vapour diffusion resistance factor is applied.
The moisture storage function is proposed to be adjusted by a two-modal function of
the type introduced by Van Genuchten (1980) or by another unexplained 5-parametric
function. Both are given in dependence to the capillary radius.
Bednar mixes the different physical properties, as there are pore radius, capillary pres-
sure, relative humidity, water content, vapour diffusivity, water diffusivity, moisture
diffusivity and also conductivity without clarification. The material functions are
given in dependence each to a different variable, whereas a consistent approach of
material modelling can not be found.
An evaluation of moisture profile measurements on spruce for determination of the
moisture diffusivity by different international laboratories in the frame of IEA Annex
XXIV was summarized by Kumaran (1999). He based his very simplified, constant
approach for the diffusivity, depending only on the water uptake coefficient and the
saturation moisture content, on the large deviations the different measurements com-
prised. However, for a fundamental material characterisation such approaches are not
suitable.
One further approach to be mentioned here was reported by de Wit & van Schindel
(1993). They use an exponential approach containing one adjustable parameter
together with the water uptake coefficient and the saturation water content. As this
approach does not display the lower moisture range correctly and part of it was
improved and included into the approach published by Carmeliet et al. (2004) which
was discussed above, it will not be further emphasised here.
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2.2.2 Conductivity approaches

Approaches using eq. (2.15) to calculate the advective liquid water flow and the
moisture retention characteristic to assign the moisture content to the moisture poten-
tial are called conductivity approaches, as  is called the liquid water conductivity
function. The main advantage of these approaches is the use of the actual driving
potential and thus the ability to account for further dependencies, as discussed before. 
Two main approaches to determine the liquid water conductivity function can be dis-
tinguished, as there are network and bundle of tube models. While network models
approximate the actual pore structure by a lattice of tubes and bonds, the bundle of
tube models assume a much more simplified pore structure of parallel tubes to derive
the liquid flow conditions. Both approaches are based on pore size distribution data
and are commonly used in Building Physics. Besides these sophisticated pore structure
based material models, the following review contains two further and more simplified
approaches.

2.2.2.1 Simplified material models

Two material models that generally attribute the liquid water transport to the
liquid pressure gradient will be presented here. Since they do not employ models of
pore structure or tortuous water flow, they are regarded as simplified models. One is
the model used by Pedersen (1990) in his simulation code which consists of analytical
functions due to limited computational capability at that time. The other is the model
introduced by Galbraith (1992). Developed from a typical Building Physical perspec-
tive, his model is defined in dependence on the relative humidity using analytical func-
tions, too.

Material model according to Rode Pedersen1

Starting from the balance equations given by Philip & De Vries (1957), the transport the-
ory for heat and moisture transport was implemented into a computer code called
Match by Pedersen (1989). In his model (Pedersen (1990)), he describes the vapour trans-
port as a diffusion process according to eq. (2.13) with a moisture dependent diffusivity
and the liquid water transport related to the capillary pressure according to the con-
ductivity approach with eq. (2.15) disregarding the gravity. For all functional relations,
simple analytic relations are introduced ensuring good simulation performance under
strongly limited computational capability.
As a simple hysteresis model is included, moisture storage is described by both, main
wetting and main drying curves. Adsorption and desorption isotherms follow eq.
(2.46) according to Hansen (1986), where the parameters ,  and  are fitted to meas-
ured data.

1. The author’s name is Carsten Rode Pedersen. His early works are published under the name Peder-
sen, while more recent ones can be found under the name Rode.
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sorption isotherm (2.46)

In the overhygroscopic moisture range, different expressions are used for wetting and
drying. The adsorption curve given in eq. (2.47) slowly approaches the capillary mois-
ture content , see Fig. 2.15. The parameters  and  have to be adjusted so that
the curve passes smoothly into the hygroscopic one at a capillary pressure correspond-
ing to 98% relative humidity.

adsorption curve (2.47)

The desorption curve above relative humidities of 98% is described by three hyperbolic
functions passing smoothly into each other with the maximum moisture content being
the vacuum saturation .

1st hyperbola

2nd hyperbola (2.48)

3rd hyperbola

The parameters in eq. (2.48) have to be fitted in such a way that a smooth transition
from one function into the other is obtained and possibly available material data is
approximated. The exponent  has to be chosen large enough to enable fast conver-
gence for which reason Pedersen (1990) uses a fixed value of . At saturation ,
a linear function is used to connect the hyperbola to the ordinate. A schematic illustra-
tion of this model is given in Fig. 2.15.

θl ϕ( ) θh 1 ϕln
A
---------–⎝ ⎠

⎛ ⎞

1
n
---–

⋅=

θcap Awet Bwet

θl pc( ) θcap Awet pc( )
Bwetln⋅–=

θvac

θl pc( ) Aipt Bipt pcln⋅( )C Aipt θvac–( )C+[ ]

1
C
----

–=

θl pc( ) θ0 Adry pcln p0ln–( )
Bdry⋅+=

θl pc( ) Ades Bdes pcln⋅( )C Ades θcap–( )C+[ ]

1
C
----

–=

Figure 2.15: Moisture storage functions for ad- and desorption according to Pedersen (1990).
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For the vapour diffusivity , three moisture ranges with different expressions
are distinguished according to eq. (2.49). For relative humidities up to 60%, Pedersen
uses a constant value following eq. (2.12) with the dry cup value . Between 60% and
98% relative humidity, a linear function connects the diffusivity values  due to

 and  due to . Thirdly, a linear function in dependence to the water con-
tent is used between  at  and  at .

for  

for  (2.49)

for  

The liquid water conductivity is approximated by an exponential function depending
on two parameters. It is defined between a critical moisture content  and the capil-
lary moisture content . Below  liquid water transport is regarded to be negligi-
ble, above  the conductivity value at  is applied. The analytic expression is
given in eq. (2.50). Fig. 2.16 shows both, the vapour and the liquid transport function. 
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Unfortunately, Pedersen (1990) gives neither a definition of the critical moisture content
 nor an advice how to adjust the parameters  and . The whole material model

displays more or less an attempt to describe the hygric material properties by a set of
analytical functions which are easy to be implemented into simulation code. No
emphasis is placed on a close representation of experimental data and hardly any
instruction is given how to adjust the numerous parameters with respect to this data.
The model, although a simple hysteresis model was already included, is - from the
authors point of view - not applicable under current engineering requirements on
quality and precision. Moreover, the drawn conclusions concerning hysteresis based
on this material model are very questionable and should not be generalized (see also
the discussion in paragraph 2.2.1.3 Diffusivity approach according to Kießl and Künzel).

Material model according to Galbraith

A typical Building Physics approach to describe heat and moisture transport was pre-
sented by Galbraith (1992). Vapour transport is assigned to the vapour pressure gradi-
ent and liquid water transport to the capillary pressure gradient. The latter one is
converted to the vapour pressure gradient by the help of the Kelvin equation (2.17),
allowing a description of moisture transport only in dependence to the relative humid-
ity.
Moisture transport is then described by modifying eq. (2.13) in such a way that it
accounts for liquid water and water vapour transport leading to eq. (2.51). The coeffi-
cient  contains two additive terms, one for vapour and one for liquid transport.

          with          (2.51)

Fig. 2.17 shows the constituents in dependence to their parameters. The vapour diffu-
sion coefficient can either be chosen independently to the water content with  or
a relation in dependence to the ratio of material and water density can be used. The
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Figure 2.17: Transport functions for vapour and liquid water in dependence to the relative 
humidity according to Galbraith (1992).
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mass related water content  is employed by Galbraith (1992) in this relation. The com-
parison of simulation results with either the constant or the moisture dependent
vapour diffusion coefficient caused only small differences. As in both cases the param-
eters ,  and  have to be determined from vapour diffusion measurements (dry-
cup and wet-cup tests), slightly different values attribute the difference either to liquid
or to vapour transport.
Unfortunately the model of Galbraith does not consider the overhygroscopic moisture
range in a reasonable way. Moisture storage and transport is accounted for only in rela-
tion to the relative humidity. This leads to large errors for the description of both, the
moisture storage and the liquid transport function. The model might be applicable
with sufficient precision to a number of cases where only hygroscopic moisture trans-
port occurs, but as a general material model which must not be restricted to special
application cases, it is not expedient.

2.2.2.2 Network models

The basic idea of network models is to approximate the actual pore structure
by a lattice of tubes and bonds on the microscopic scale. There, the tube radii follow,
randomly distributed, the measured pore structure data of the material. Simulating the
penetration of the network by a fluid, storage and transport functions based on the
measured pore volume distribution data can be derived. For that derivation, network
models allow to take structural effects as dead end pores, air entrapment and ink bottle
effects into account. Fig. 2.18 shows some examples of two-dimensional networks
found in literature.
To study the capillary pressure characteristic of a porous medium, network models
have first been introduced by Fatt (1956). He used a two-dimensional network to which
a distribution of tube radii is assigned according to tables of random numbers. Assum-
ing the network to be initially filled by the wetting fluid (e.g. air) and surrounded by
the nonwetting fluid (e.g. mercury), he increased the capillary pressure stepwise. First,
the largest tubes in the network having access to the nonwetting fluid were penetrated.
With increasing pressure, accessible tubes with decreasing radii were entered until
even the narrowest pores with contact to the nonwetting fluid were penetrated. Fatt
derived the capillary pressure - saturation relationship by assuming circular tubes and

u

Dv
* Dl

* m

Figure 2.18: Examples of two-dimensional networks: (a) square lattice, (b) triangular lattice 
and (c) hexa-triangular lattice. Those and other networks are e.g. given by 
Dullien (1979) and Descamps (1997).
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calculating the capillary pressure according to the Laplace equation (2.14) with .
The saturation was then a function of the sum of penetrated pores, the pore radii and
the corresponding pore length which he assumed to be dependent to the pore radius.
A good survey of the basic principles of network models and their application for the
derivation of capillary pressure - saturation relationships was given by Dullien (1979).
Besides a profound investigation of different established networks, general peculiari-
ties of their application are discussed, too. At that time, Dullien had to state, however,
that the derivation of the conductivity function by the aid of network models could not
be successfully performed (Dullien (1979) p. 181).
More recently, network models have been applied to derive the moisture transport
properties of building materials. For that purpose, a pressure gradient of a certain unit
is applied and the resulting flow is calculated in dependence to the possible flow path
of the lattice. Assuming the geometry of pore shape and length, the transport coeffi-
cient can be obtained, normally as a relative function. The relative conductivity can be
scaled by the aid of measured conductivity values under saturated conditions (Darcy-
conductivity) delivering the function to be used in eq. (2.15). Quenard & Salle (1992)
introduced this procedure to model vapour and transport in cement-based materials.
As a further development, on behalf of others, the principles of the multiscale network
models developed by Xu et al. (1997a) and Carmeliet et al. (1999) are briefly presented
here.

Transport properties derived from multiscale networks

Xu et al. (1997a) developed a multiscale network model to describe the pore structure
of a porous medium on the basis of a mercury intrusion curve. They use a three-dimen-
sional cubic lattice on different scales representing different pore classes which are
combined by a rescaling technique. A two-dimensional illustration for three pore size
classes is given in Fig. 2.19. As the objective was first to represent the pore structure
measured by mercury intrusion, the pore system is assumed to be initially evacuated,
i.e. neither gas nor liquid is present there. For the invasion of the nonwetting fluid into
the pore structure, no rules of tracing or trapping are applied, which corresponds to
the assumption that the whole pore space is available for penetration. Thus, air entrap-
ment, the ink-bottle effect and other structural effects are neglected.
Taking the pore system described by the multiscale network model of Xu et al. (1997a)
as a basis, also transport properties can be derived. For that purpose, Xu et al. (1997b)
introduced a renormalisation procedure. Starting from the smallest pore class, they

γ 0°=

Figure 2.19: Multiscale network, based on a two-dimensional square lattice, as the result of 
superposition of three pore classes according to Xu et al. (1997a).
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defined the cummulative conductivity at each pore size level and, after renormalisa-
tion, incorporated it into an equivalent network of the next larger scale. This procedure
is followed for all pore classes delivering the macroscopic conductivity function.
The model introduced by Xu et al. (1997b) is supposed to be very general deriving a
conductivity function for a number of different processes as electrical conduction,
molecular diffusion, transport of condensable vapour and hydraulic transport. How-
ever, the procedure is very complicated and the derivation of an applicable liquid
water conductivity function is not clarified. The model is restricted to the pore size
range of mercury intrusion and the given examples show a rather low accuracy. A
study reported by Quenard et al. (1998) though proved the model to be able to deliver
reasonable results of vapour and air permeabilities for three different building materi-
als on the basis of mercury intrusion and SEM image data.
In contrast, the multiscale network model according to Carmeliet et al. (1999) and Car-
meliet & Roels (2001) uses different levels of magnification, see Fig. 2.20. For each level,
a certain porosity and pore size distribution is defined on the basis of measured mois-
ture storage or pore size distribution data. A two-dimensional cross-squared lattice
with volumeless intersections is used at each level with no correlation to other levels.
The tube radii are selected randomly from the normalised pore radius distribution
function by the help of a Monte Carlo simulation.
The pore space not occupied by water is assumed to be filled with a mixture of air and
vapour. During wetting, a tube becomes water filled if the following conditions are ful-
filled:

- The tube has contact to another water filled tube. 
- The tube radius is smaller than the radius corresponding to the 

capillary pressure  following eq. (2.14).
- The air possesses a continuous trace to the atmosphere.

As shown by Descamps (1997), effects as air entrapment and pressure build-up during
imbibition processes with sealed boundary can be modelled in that case. For drying,
the same rules apply but in the opposite direction.
Moisture migration is calculated by a combination of liquid water flow in a tube, fol-
lowing the Hagen-Poiseuille equation (2.52), and water vapour flow, following the Fick-
ean diffusion equation (2.8) with the vapour diffusivity in air according to Schirmer
(1938) and eq. (2.11). Implying a unit pressure gradient at two sides of the network and
assigning a non-flow condition to the other two sides, the moisture conductivity can

r pc( )

Figure 2.20: Multiscale network, based on a two-dimensional square lattice, at different 
levels of magnification according to Carmeliet et al. (1999).
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be calculated for a certain moisture distribution in dependence to the capillary pres-
sure. The whole moisture transport function for the corresponding level of magnifica-
tion is then derived by a stepwise variation of the capillary pressure. 
Each conductivity function obtained by that procedure is dependent on the pore length
and the so-called cut-off radius  marking the lower boundary of the level of magni-
fication. It is therefore referred to as relative conductivity. The macroscopic conductiv-
ity function of the whole material can be finally obtained by combining the functions
from the different levels of magnification using a rescaling technique. Carmeliet et al.
(1999) showed that the conductivity from the network model can not be overestimated.
Thus, the macroscopic conductivity function can be described as the boundary curve
of the rescaled conductivity functions from different levels of magnification. The
remaining scaling factor is derived from conductivity measurements at saturated con-
ditions (either directly as Darcy-conductivity or calculated from air permeability meas-
urements).
Influencing parameters of the network model are the network size, the number of net-
work simulations, the connectivity of the network and the pore length. The connectiv-
ity value , which specifies the number of tubes connected to a node, is determined by
the choice of the network, see also Fig. 2.18. Experimental investigations (e.g. Lin &
Cohen (1982) and Payatakes & Dias (1984) cited by Carmeliet et al. (1999)) revealed values
ranging from . Carmeliet et al. (1999) found this parameter to be less domi-
nant, comparing conductivity functions from a square lattice , a triangular lat-
tice  and a cross-square lattice .
Network size  and simulation number  are parameters of the network simulation
procedure and have to be determined in dependence on computational capability and
requirements of accuracy. For the pore length  the relation 
depending on the pore radius is introduced containing two parameters: the pore
length  of the pore with the maximum radius  and the pore shape ratio . For ,
different values can be found in literature. Carmeliet et al. (1999) consider  to be a
rather sensitive parameter giving the best agreement with measurement results for

. Values for  are not specified by Carmeliet et al. (1999).
The multiscale network model is an appropriate sophisticated approach to derive the
liquid water conductivity from pore size distribution data. Hence, it has been used and
developed further for scientific investigations, which will be summarized within the
next paragraphs. Subsequently, an evaluation of the network modelling approach with
regard to the objectives of this work will conclude this survey.

Modelling transport in heterogeneous structures

To predict the moisture conductivity also for materials with significant microheteroge-
neities, an extension of the multiscale network model was introduced by Roels (2000).
The investigated material was a layered limestone containing distinctive heterogenei-
ties on both, the macroscopic and the mesoscopic scale. Therefore, Roels et al. (2003a)
proposed to model moisture transport at the mesoscale and transform the conductivity
to the macroscale by the aid of an upscaling technique.
The pore structure was analysed by four different methods, i.e. pressure plate appara-
tus, sorption measurements, mercury intrusion and micrograph image analysis. Based
on data obtained by these techniques, a conceptual hysteresis model was applied.
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Defining an accessibility function for the different pore sub-systems being expected to
contribute to the ink-bottle effect, the main drainage curve could be predicted from the
main wetting curve in very good agreement with measured data (Roels et al. (2001)). By
these means, the different pore sub-systems and their connectivity could be identified. 
The mesoscopic structures participating in moisture transport were modelled sepa-
rately using the network approach proposed by Carmeliet et al. (1999). However, simu-
lations on the mesoscale, which showed good agreement between measured and
calculated water absorption data (Roels et al. (2000)), are not applicable on the macro-
scopic scale. Therefore, an equivalent conductivity function for the macroscopic struc-
ture had to be derived using an upscaling technique. A review on such methods is
given by Renard & Marsily (1997). Fig. 2.21 illustrates this procedure.
The macroscopic material contained two significant substructures, which are regions
of more or less isotropic structure and regions showing a distinctive layering. Water
absorption experiments have been carried out for the whole structure parallel and per-
pendicular to the layering. Then it was cut into small pieces for which absorption
experiments were carried out in the same way. The comparison between measured
and simulated behaviour shows a good agreement proving the proposed upscaling
technique to be suitable (Roels et al. (2003b)). 
Further extension of the network model for fractured porous media has been per-
formed by Vandersteen et al. (2003) modelling fracture aperture and aperture variance
by a three-dimensional network of parallel plates. Roels et al. (2003c) presented a sim-
plification of this by modelling the fracture as a row of nodes connected by tubes for a
two-dimensional water absorption test. The results showed a good agreement with
measured X-ray data.

Concluding network approaches

The liquid water conductivity can be derived by the aid of network models. The mul-
tiscale approach introduced by Carmeliet et al. (1999) and Carmeliet & Roels (2001) was
proved to be very suitable, not only for homogeneous, but also for heterogeneous
materials (Roels (2000)). The main advantage of the network approaches is the ability

Figure 2.21: Modelling moisture transport of heterogeneous materials on the mesoscopic 
scale: model of mesoscopic structure (left) and upscaling conductivity (right). 
Schematic illustration of the approach introduced by Roels (2000).
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to appropriately describe the pore structure and to account for structural effects by per-
colation rules for tracing and accessibility. Air entrapment and ink-bottle effects caus-
ing hysteresis of the capillary pressure - saturation relationship can be included into
the derivation of the transport properties. Moreover, as indicated above, network
models can be extended and applied to other structural compositions as heterogeneous
or fractured porous media.
However, employing a network model to derive the conductivity function is laborious.
A network has to be chosen and modelled, scales have to be defined, pore sizes have
to be assigned by a Monte Carlo simulation in dependence to the pore size distribution,
a number of network simulations have to be performed according to chosen criteria for
tracing and accessibility and transport properties have to be derived from the achieved
flow conditions. In addition, the model depends on a number of parameters at differ-
ent levels, e.g. network size and connectivity, number of simulations, pore specifying
parameters (length, shape) and the chosen percolation rules. 
With regard to the objective to define a material model which is applicable for a large
number of materials on an advanced engineering level, network models appear to be
too extensive and, thus, less appropriate. For advanced research and materials with a
complex pore structure which can not be described by less advanced models, network
models are a suitable choice to derive the moisture storage and transport properties.

2.2.2.3 Bundle of tubes models

These models are called bundle of tubes models because they follow a simplified
representation of the pore structure consisting of a bundle of parallel and intercon-
nected tubes (see e.g. Burdine (1953), Krischer (1956), Dullien (1979)). The laminar flow
in a single tube is expressed by the well known Hagen-Poiseuille equation (2.52) assign-
ing the volume flow  to the tube radius , the dynamic viscosity of the liquid phase

 and the gradient of the capillary pressure.

tube flow in a single capillary (2.52)

Extending the description of the flow within one tube to a bundle of tubes, eq. (2.52)
has to be integrated over the pore radii distribution density , yielding eq. (2.53).

(2.53)

To relate the incremental pore radii to the incremental pore volume, length and cross-
sectional area of the pores have to be known. As all pores are assumed to be of the same
unit length , pore volume distribution density divided by the cross sectional area

 can be set equal to the pore radii distribution density according to eq. (2.54).
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(2.54)

Applying eq. (2.53) to eq. (2.54) and multiplying it by the density of the liquid phase 
yields the mass flow density  in dependence to the capillary radius, given in eq.
(2.55). Comparison of eq. (2.55) and eq. (2.15) reveals that the whole term before the
brackets is the liquid water conductivity . If the pore radius is transformed into the
capillary pressure following eq. (2.14), the integral contains the inverse of the moisture
storage function which can be determined from measured data. For an illustration to
this procedure, refer to Fig. 2.22.

(2.55)

(2.56)

Since this liquid water conductivity of eq. (2.56) overestimates the liquid transport, Bur-
dine (1953) related it to its value at saturation. Additionally, he introduced a tortuosity
factor  in the form of  accounting for the indirection of flow pathes. For  he pro-
posed to use a value of .

Burdine model (2.57)

The relative conductivity  can then be scaled by a measured conductivity
value at saturation  to obtain the absolute conductivity function (see Mualem
(1976a), Van Genuchten (1980), Van Genuchten & Leij (1992) and Mualem (1992)). Within
the approach (2.57), it is tacitly assumed that all pores of one unit length at  have an
ideal connection, i.e. full correlation to the pores of the next unit . Different
approaches to incorporate this correlation can be found in literature on which a sum-
mary is given by Mualem (1992). One is the provided approach of Burdine (1953) in its
different presentations (see e.g. Van Genuchten & Leij (1992)). Another approach
derived by Mualem (1976a) assumes only partly correlation. He employs a correlation
factor in the form of  to be incorporated into the probability term of connected pore
sizes. Analogous derivation leads to the relative conductivity formulation (2.58),
which is different from the one given in eq. (2.57). Here, the tortuosity with  is
frequently used (Mualem (1992)).

rd
dθl 1

πr2
--------

rd
dn=

ρl
jk
Ml

Kl

jk
Ml θl( )

ρl
8ηl
-------- r θ( )2 θd

θl

∫⋅– ρlgk xk∂

∂pc+⋅=

Kl θl( )
ρl σlg

2⋅

2ηl
----------------- 1

pc θ( )2
---------------- θd

θl

∫⋅–=

τ θτ τ
τ 2=

Kl rel, θl( ) θτ 1

pc θ( )2
---------------- θd

0

θl

∫
⎝ ⎠
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎛ ⎞

1

pc θ( )2
---------------- θd

0

θs

∫
⎝ ⎠
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎛ ⎞

⁄⋅=

Kl rel, θl( )
Ksat

x
x xd+

θτ

τ 1 2⁄=



Theory of material modelling

56 Gregor A. Scheffler

Mualem model (2.58)

The evaluation of both, Burdine model (2.57) and Mualem model (2.58), leads to slightly
different conductivity functions. According to Van Genuchten (1980), „Burdine-based
equations showed lesser agreement with experimental data than the Mualem-based
expressions“. This was also concluded by Mualem (1976a). However, both models are
commonly used.
Much effort has been paid to develop closed form equations for the moisture storage
function in order to gain analytical expressions for both, moisture storage function and
capillary conductivity function. Most popular is the expression proposed by Van
Genuchten (1980), but also many other approaches exist utilising either one of the given
models. 
As follows, the model of Van Genuchten and some of its further improvements pro-
posed by other authors will be given. Then, two functional approaches introduced in
Building Physics will be explained whereas a discussion on bundle of tubes models
will conclude this paragraph.

Closed form equation according to Van Genuchten and Durner

In Soil Sciences, the capillary pressure  is normally expressed by the pressure head
, i.e. by the height of a water column which exerts the same pressure. At the same ele-

vation and athmospheric pressure, both can be converted into each other by eq. (2.59).
For reasons of simplicity, the following approaches will be written in their original
form, using the pressure head instead of the capillary pressure.
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Figure 2.22: Bundle of tubes model to derive the liquid water conductivity from pore size 
distribution data. Authors as Burdine (1953) worked with a summation of 
incremental pore classes , which is also used here for illustration purposes. 
Nowadays, the differential operator and integration over steady functions is 
used to determine the liquid water conductivity.
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(2.59)

For the saturation - pressure head relation, Van Genuchten (1980) introduced eq. (2.60),
where  is the relative saturation,  is the saturation moisture content,  is the resid-
ual moisture content and ,  and  are adjustable parameters.

     with     Van Genuchten function (2.60)

Calculating the inverse of eq. (2.60), it can be inserted into one of the above given mod-
els. Applying some restrictions to the parameters  and , the integration can be car-
ried out analytically. For the Mualem model (2.58), Van Genuchten derived the capillary
conductivity function according to eq. (2.61) by setting .

(2.61)

The same was done for the Burdine model (2.57), where eq. (2.62) could be derived by
setting .

(2.62)

Applying eq. (2.60) to eq. (2.61) or eq. (2.62), the relative capillary conductivity can be
written in dependence to the pressure head as well. Also an expression for the diffu-
sivity function was given by Van Genuchten (1980). Based on the comparison of both
models and their conclusions mentioned above, further evaluation and discussion on
parameter determination were conducted for the Mualem-based equations only.
The residual moisture content  is defined as the lower boundary of the moisture con-
tent range. However, Van Genuchten (1980) already gave a brief discussion on , indi-
cating that it should be regarded to more as a fitting parameter of the model instead of
a soil physical parameter. Durner (1992) showed, that  indirectly influences the cap-
illary conductivity function. Since in Soil Sciences, this function is required to be pre-
cise mainly in the wet range close to saturation,  might be used as a fitting parameter
to obtain a better approximation of measured retention data for the wet range, even if
some data in the dry range may be disregarded.
For an improved approximation of retention data, Durner (1994) proposed to use a
weighted sum of Van Genuchten type functions (2.63). There, the residual moisture con-
tent is omitted. Instead, by choosing an appropriate number of modalities, the whole
moisture range can be described properly by that approach. In eq. (2.63),  is the
number of modalities and  are the weighting factors with . 

(2.63)
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It was shown by Durner (1994) for different soils that a close representation of meas-
ured data leads to a better agreement of the conductivity function with experimental
data. Evaluation of the pore model (Durner applied the Mualem model) was done
numerically, which is common practice today. Therefore, closed form equations are
not as important anymore as they were 20 years ago. Moreover, the number of modal-
ities sometimes exceeds  to enable a better fit to measured moisture storage data. 
In Building Physics, the multimodal Van Genuchten type function (2.63) is occasionally
applied (Roels (2000), Carmeliet & Roels (2002), Plagge et al. (2002)). Here, a good approx-
imation is required for both, the hygroscopic and the overhygroscopic moisture range,
since most processes take place in the transient area. Some further approaches exist
applying the same pore structure models which shall be introduced as well. One is a
closed form rational expression in dependence to the pore radius proposed by Häupl
& Fechner (2003a). The other is based on Gauss distribution functions to describe the
logarithmic pore volume distribution and was introduced by Grunewald & Bomberg
(2003).

Closed form equation according to Häupl and Fechner

A closed form equation for moisture storage and moisture transport in dependence to
the capillary radius was proposed by Häupl et al. (2001) and further developed by
Häupl & Fechner (2003a), Häupl & Fechner (2003b) and finally Häupl (2007b). The model
is based on the pore size distribution function  which an analytical expression as a
sum of weighted functions is given in eq. (2.64) for.

(2.64)

(2.65)

Integration of (2.64) yields the moisture storage function  in dependence to the
capillary radius. If the Laplace equation (2.14) is applied, pore size distribution (2.64)
and moisture storage function (2.65) can be expressed in dependence to the capillary
pressure , too. There, the contact angle  is assumed to be . Moreover, if the
Kelvin equation (2.17) is applied, both functions can also be expressed in terms of rela-
tive humidity .
The parameters both equations contain are the partial pore volume , the correspond-
ing main radius  and the shape parameter  for each modality . The number of
modalities  characterizes the number of main pore classes. All parameters have to be
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adjusted to experimental data, e.g. pore structure data from mercury intrusion experi-
ments or moisture storage data from sorption and retention experiments.
Häupl derives the capillary conductivity function  according to the bundle of
tubes model (see Fig. 2.22). Starting from a single tube, the volume flow is integrated
over the whole pore space following the pore size distribution data as shown by
Krischer (1956). By relating the obtained function to its value at saturation (i.e. at the
maximum radius ), a relative function is obtained which is then scaled by a meas-
ured conductivity value at saturation . This is more or less equivalent to the model
proposed by Burdine (1953). However, no tortuosity factor is introduced, implying the
relative conductivity function is correctly derived by the bundle of tubes model and
has to be scaled to a proper value at saturation only. The analytical expression of the
derived conductivity function  in dependence to the capillary radius  is given in
eq. (2.66).

(2.66)

Unfortunately, as already stated by Häupl &
Fechner (2003a), the conductivity function
(2.66) can not be directly expressed in depend-
ence to the moisture content .This can only
be done implicitly by numerically rearranging
eq. (2.65). The model therefore provides a
closed form only with respect to the capillary
radius (or capillary pressure), but not with
respect to the moisture content. Since the basis
of numerical simulation is the moisture mass
balance (2.2) requiring the inverse moisture
storage function, this is rather a drawback of
the approach. It hence can not be implemented
in analytical form.
For vapour transport, Grunewald & Häupl
(2002) and Grunewald & Häupl (2003) intro-
duced a mechanistical approach dividing the
porous material into parallel and serial struc-
tured areas. The pore system is partially filled
with liquid water and water vapour and fol-
lows in its structure the pore volume distribution function. While in parallel structured
areas, in dependence to the pore filling level, either liquid or vapour transport pro-
ceeds, both processes occur at the same time in serial structured areas, see Fig. 2.23. By
assuming both structured forms of infinitesimal size and randomly distributed, a scal-

Kl θl( )

r0
Ks

Kl r( ) r

Kl r( ) Ks

Ri
2 θi⋅

ni
2 3ni– 2+

ni
2

----------------------------- 1

1
Ri

r ni⋅
-----------+

---------------------

⎝ ⎠
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎛ ⎞ ni

⋅ ⋅

i

N

∑

Ri
2 θi⋅

ni
2 3ni– 2+

ni
2

-----------------------------⋅

i

N

∑
-----------------------------------------------------------------------------------------------------⋅=

Figure 2.23: Model image of serial 
and parallel structured 
areas of pore space.

water vapour
liquid water

parallel structured pore space

serial structured pore space

θl



Theory of material modelling

60 Gregor A. Scheffler

ing function for vapour transport  can be derived according to eq. (2.68) in
dependence to the relative moisture content  and the ratio  of serial and parallel
structures. The relative moisture content  is here defined according to eq. (2.67).

(2.67)

(2.68)

To obtain the whole vapour diffusivity function, the vapour transport equation (2.13)
has to be multiplied with . For parameter  a relation in dependence to the
transition moisture content  is proposed according to eq. (2.69).

          with          (2.69)

In the hygroscopic moisture range, vapour transport dominates the whole moisture
transport. However, with increasing moisture content, the liquid water transport
reaches the same order of magnitude as vapour transport while a further increase in
moisture content would lead to a (strong) domination of the liquid transport processes.
The transition point is characterized by equality of both, liquid and vapour transport,
and the corresponding moisture content is called transition moisture content . It
hence depends on both transport functions and has to be determined by iteration. Fur-
ther details of this serial - parallel model are given by Grunewald & Häupl (2003).
The resulting vapour transport function holds a maximum at the transition moisture
content and decreases to zero when the moisture content reaches porosity . The
maximum is explained by the short-cut in vapour transport due to liquid islands (see
Fig. 2.23) and thus follows the explanation already introduced by Philip & De Vries
(1957).
The model of Häupl & Fechner (2003b) and Häupl (2007b) provides a flexible function for
the pore volume distribution and the moisture storage function, respectively. Espe-
cially for illustration purposes, the model is very suitable, since the influence of any
model parameter can be directly seen in the pore volume distribution, the moisture
storage and the liquid water conductivity function. However, the assumption the pore
model would represent the relative conductivity function correctly and, thus, only
requires scaling by a saturated conductivity value , is seen problematic. For some
materials, good agreement with measured data may be observed, but for a general der-
ivation of the conductivity function this appears to be too inflexible. Admittedly, as a
basis for further improvement, the model is suitable.

Engineering model according to Grunewald and Bomberg

The material model, introduced by Grunewald & Bomberg (2003) as an Engineering
Model, is another bundle of tubes model which is relatively similar to the one of Häupl
& Fechner. Following a similar concept from Soil Sciences, a logarithmic variable

fv Θ p,( )
Θ p

Θ

Θ
θl θdry–
θpor θdry–
--------------------------=

fv Θ p,( ) 1 Θ–

p 1 Θ–( )2 1 p–( )⋅+
---------------------------------------------------=

fv Θ p,( ) p
θtran

p
1 θr tran,–( )2

1 1 θr tran,–( )2+
------------------------------------------= θr tran,

θtran θdry–
θpor θdry–
---------------------------=

θtran

θpor

Ks



Material Modelling in Building Physics

61Validation of hygrothgermal material modelling under consideration of the hysteresis of moisture storage

 is introduced. Then, the pore volume distribution is described by the aid
of a weighted sum of  Gauss distribution functions given in eq. (2.70). 

(2.70)

Integration yields the moisture storage function (2.71). Both equations contain three
parameters. The  specify the positions of pore maxima, i.e. positions where the pore
volume distribution has its maxima and where the moisture storage function has its
steep slopes. The  are the weighting factors for each modality. In the pore volume
distribution function, the  determine the height of a maximum. In the moisture stor-
age function they define the plateau level between two slopes. The third parameter
vector contains the standard deviations  which influence the width of a pore maxi-
mum and, thus, the steepness of the slope of the moisture storage function.

(2.71)

The conductivity function is numerically derived, applying the pore model of Burdine
(2.57). The relative conductivity function is scaled with the measured value at satura-
tion , while the tortuosity factor is neglected. For vapour transport, the same serial-
parallel model of Grunewald & Häupl (2003) is applied as given above.
The Engineering Model is a flexible, multi-modal conductivity approach with validity
for the whole moisture range. Its advantage is the high flexibility of the moisture stor-
age function which is much better than those of the models of Durner (1994) and Häupl
& Fechner (2003b). Moreover, the contained parameters have a particular meaning and
can thus be easily determined from measured pore volume distribution or moisture
storage data. However, the restrictions of no flexibility in the conductivity function
apply here, too. The relative course of conductivity, scaled to one measured value at
saturation, is not suitable to predict liquid water transport in the low moisture range
correctly.

Concluding bundle of tube models

Describing the structure of a porous medium by a system of a connected bundle of
tubes with tube radii following the pore radii distribution is a very simplified
approach. Therefore, material functions derived by that approach will always require
further calibration (e.g. scaling, tortuosity). With calibration, material functions are
able to describe homogeneous and isotropic porous media. For less restrictive condi-
tions, e.g. fractured and structured porous media, the approach is not expedient (see
Gerke & Van Genuchten (1993), Tuller & Or (2002), Vandersteen et al. (2003)). 
However, due to its simplicity the approach appears to be suitable for a broader appli-
cation. Compared with more complex conductivity approaches, the effort to adjust
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material functions is relatively small. Required further calibration can be applied,
either by use of the tortuosity, which has been shown by Ippisch et al. (2006) to be still
very sensitive in being subjected to errors, or by coupling with other mechanistical
approaches. When choosing conductivity models, an extension to hysteresis or salt and
solute transport is possible without major changes. Therefore, the bundle of tubes
approach offers the ability of a rather sophisticated but still practically applicable
material model.
All models presented here give a functional description of the pore volume distribu-
tion which, by integration, yields the moisture storage function. By application of a
pore model, the relative conductivity function is derived. The most flexible of these
models is the one based on Gauss distribution functions. Hence, this approach will be
further employed for an improved conductivity approach developed in paragraph 5.1
Developments in Material Modelling.

2.3 Conclusions on material modelling

At the beginning of this chapter, a classification of the transport theory in rela-
tion to material modelling was given. It is followed by a brief introduction into the
principles of the transport theory defining the balance and constitutive equations with
their required transport coefficients. Terms used in the context of heat and moisture
transport modelling have been clarified and remaining challenges as the hysteresis of
moisture storage have been discussed in the frame of existing literature.
Regarding hygrothermal calculations, material modelling is subdivided with respect
to the potentials used as the driving force for moisture transport, which are the mois-
ture content gradient requiring a moisture diffusivity and the capillary pressure gradi-
ent requiring a moisture conductivity. Based on the extent of literature available in
Building Physics and Soil Sciences, different diffusivity and conductivity approaches
were presented and evaluated, concluded by a discussion on their options and limits
for a general applicable material description.
This chapter comprised the basis of transport theory and material modelling to which
the following chapter will add the experimental methods required for both, basic mate-
rial investigation providing input data for the material models and additional experi-
mental studies possessing the potential to serve for a profound model validation.
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CHAPTER 3

EXPERIMENTAL METHODS

This chapter comprises an introduction of and a discussion on the laboratory
methods applied for material investigation. Here, material investigation is subdivided
into basic material property determination, which is considered to cover the methods
of deriving material data to be used for parameter identification in material modelling,
and advanced examination of hygrothermal processes containing the potential for
both, material model validation and gaining further insight into the transport proc-
esses.
There exists a large number of methods for hygrothermal material investigation which
are reported in literature. Thus, a complete survey on all these methods will not be
given here. Instead, a selection of basic laboratory experiments is introduced and dis-
cussed under the criteria of being reasonable and applicable from a Building Physics
point of view. Within the second part of this chapter, the instantaneous profile meas-
urement technique, originally developed in Soil Physics, will be introduced and
explained in its principle elements.

3.1 Basic hygrothermal material properties

Material models require input material data for the adjustment of their param-
eters. This material data has to be determined by measurement from different experi-
ments and is regarded as the basis of material modelling. Therefore, these material
properties are called basic material properties and the corresponding methods for their
determination are regarded to as basic experiments. An overview of the basic material
properties and the experiments they are determined with is given in Tab. 3.1.
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The different material models imply different requirements on material data, compare
Chapter 2, especially paragraph 2.2 Material Modelling in Building Physics. Therefore,
within this chapter, the experiments the author considers to be both, applicable and
appropriate for a general but advanced material characterization are briefly intro-
duced. This comprises customary procedures for density, porosity and thermal prop-
erty determination, different techniques for the measurement of moisture storage data
with respect to the different moisture content ranges as well as experiments to investi-
gate the moisture transport properties for both, vapour and liquid water. While most
of the methods are to be outlined in principle, there will be placed some more emphasis
on two transport experiments. These are the water absorption and the drying experi-
ment, which are important due to their exposed position within material characteriza-
tion and due to the developments carried out. 

3.1.1 Density and porosity

There exist two kinds of density which have to be distinguished: The bulk and
the matrix density. The bulk density  characterizes the density of the material as it
is. The volume of both, material matrix and pores, is comprised. The bulk density is
defined as the ratio of the dry mass and the volume of the dry specimen following eq.
(3.1).

Table 3.1:  List of basic experiments and derived material properties.

Name of the material property / experiment Symbol Unit

Bulk (raw) density
Matrix (particle) density / helium pycnometry
Porosity

Thermal conductivity / heat flux measurement
Heat capacity / calorimeter experiment

Sorption moisture content
Retention moisture content
Effective saturation moisture content

Dry-cup vapour diffusion
Wet-cup vapour diffusion

Water absorption data / water uptake experiment
Water uptake coefficient
Capillary saturation moisture content

Drying data / drying experiment

Conductivity at effective saturation / Darcy flow measurement
Unsaturated conductivity data / infiltrometer experiment
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(3.1)

The matrix density  specifies the density of the material matrix without the pore
space. It can be determined by helium pycnometry. There, the crushed dry material is
put into a vessel of defined volume. Then, a measured amount of helium is given into
the vessel until a certain pressure is reached. Since helium is the smallest element, any
space not occupied by another element will be entered. From the difference in the
amount of helium which could be given to the empty vessel under the same pressure,
the volume  of the crushed material can be determined. The matrix density is
then determined as the ratio of the dry material mass and the determined volume, fol-
lowing eq. (3.2). For natural stones, DIN EN 1936 proposes a similar procedure using a
pycnometer with deionized water. However, the use of helium offers a higher degree
of precision.

(3.2)

From both densities, the total porosity of the material can be derived. It is defined in
eq. (3.3) as the volume fraction which is not occupied by the material matrix. 

(3.3)

Sometimes, the open porosity  is used as a material parameter, too. It gives a meas-
ure for the pore volume which is connected to the pore system and can thus be entered
by water. The open porosity can be determined by saturation under vacuum condi-
tions. The primary desorption function starts at open porosity. However, as these con-
ditions are hardly reached in practice, this parameter is not considered within the
frame of this work.

3.1.2 Thermal properties

The thermal properties of interest are the heat capacity  and the thermal con-
ductivity . The heat capacity can be measured by the calorimeter experiment where
a heated specimen of defined temperature is placed into water with another (lower)
defined temperature. Knowing the heat capacity of water, the heat capacity of the
material specimen can be derived, if the final equilibrium temperature, which the
water and the specimen have reached, is measured.
The thermal conductivity can be determined by the help of heat flow experiments.
Most common - since applicable for most building materials - is the plate apparatus.
Different regulations and standards exist on that, e.g. ISO 8302 (1991), DIN EN ISO
12664 and WärmeleitRechenWRL (1999), on which no further emphasis is placed here.
The principle is to apply a temperature difference versus the thickness of the dry spec-
imen and measure both, the temperature on either side and the heat flux through the
specimen. From that, the thermal conductivity of the dry material can be derived.
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Another possibility deriving both properties at the same time is the use of a device that
is placed on a specimen applying a dynamic circle of heating and cooling. The advan-
tage of such a device is, that the measurement result can be obtained much faster, since
no steady state conditions are reached, both thermal properties can be determined at
the same time and - which is most important - small specimen can be used, as it is often
the case for materials taken from the building stock. The disadvantages comprise lim-
ited accuracy especially for unisotropic materials and the dynamic conditions, which
sometimes might represent a different behaviour than steady state conditions do.

3.1.3 Moisture storage

Moisture storage data in general comprises the hygroscopic and the overhy-
groscopic moisture content range. Since different procedures and measurement tech-
nologies are applied in both moisture regions, a further distinction is made for
moisture sorption and moisture retention. For each, a general introduction is given,
while the focus is then placed on the measurement techniques applied for the investi-
gated building materials.
Johannesson & Janz (2002) examined and compared four different methods to determine
moisture storage data, including those applied here. However, this study can not be
seen as a general evaluation since only two material were investigated of whom one
was a building material (sandstone) and one was porous glass, where to some extent
very small and crushed samples were used. Moreover, the drawn conclusions on hys-
teresis, on the limits of pressure plate measurements and the explanation why this
technique is hardly being used for adsorption measurements are questionable from the
authors point of view.

3.1.3.1 Moisture sorption

The measurement of moisture storage
within the hygroscopic moisture content range
is widely done by exposing a material speci-
men to a defined relative humidity, waiting
until equilibrium (constant mass) is reached
and gravimetrically determining the corre-
sponding moisture content. 
Either a complete device, as the IGASORP, a
micro balance system (as e.g. used by Johannes-
son & Janz (2002)) or a sorption calorimeter (see
e.g. Adan (1994) and Broken (1998)), can be
applied adjusting the relative humidity and
performing the gravimetric measurements
automatically, or the conventional desiccators
with saturated aqueous salt solutions, see Fig.
3.1, are employed (as reported e.g. by Burch et
al. (1992) and Broken (1998)). Here, it is referred
to the latter one, which is standardized in DIN
EN ISO 12571.

Figure 3.1: Desiccator with 
salt solution for 
moisture sorption 
measurements.



Basic hygrothermal material properties

67Validation of hygrothgermal material modelling under consideration of the hysteresis of moisture storage

To adjust a defined relative humidity inside a desiccator, saturated aqueous salt solu-
tions are used. A fan inside the desiccator causes quick equilibration of the humidity
conditions. To keep the temperature constant, either a water bath for the desiccators,
or a temperature controlled room can be used. The material specimens are placed into
the desiccator and left there for a certain time, normally two to four weeks, until equi-
librium is reached. The employed criterion for the equilibrium is the one defined in
DIN EN ISO 12571: The mass change of the specimen of three subsequent measure-
ments within 48 hours has to be less than 0.1% of the dry mass of the specimen. Once
the equilibrium is reached, the material specimen is weighed. From the ratio to the dry
weight, the moisture content can be derived.

3.1.3.2 Moisture retention

The moisture storage within the overhygroscopic moisture range is frequently
called moisture retention due to the most common measurement techniques used for
its determination. The relative humidity can not be used to adjust the moisture poten-
tial in that moisture range. Hence, a pressure is applied to an initially saturated speci-
men and the retained water mass is measured after equilibrium is reached. Two main
principles are distinguished: methods applying an overpressure and methods apply-
ing a suction pressure to the material specimen. Both methods are briefly presented as
follows.

Pressure plate apparatus

The pressure plate apparatus consists of a pressure chamber to which an overpressure
can be applied, a set of ceramic plates and a gas pressure supply with a regulation sys-
tem, see Fig. 3.3. The ceramic plate holding a certain air entry value, i.e. a certain resist-
ance to the pressing air to penetrate the plate, is placed inside the pressure chamber.
At the left hand side of Fig. 3.2, a ceramic plate with an air entry value of 0.1 MPa is
shown. Upon the ceramic plate, saturated specimens are set providing hydraulic con-
tact by a special kaolin-silt mixture. To prevent the specimens from drying out by
evaporation, it is recommended to cover them with a wet towel (Klute (1986)). The bot-
tom side of the ceramic plate is connected to atmospheric pressure via an outlet in the
pressure chamber, where the water pressed out of the specimens is allowed to leave.
By applying a controlled overpressure, a certain amount of pores will be drained

Figure 3.2: New ceramic plate (left) and pressure chamber with specimens on ceramic plate, 
covered with wet tissue and connected to the outlet (right).
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according to their size (see Laplace equation (2.14)). When equilibrium is reached, the
specimens are removed and their moisture content is determined gravimetrically,
before the next pressure step is started.
The criterion for equilibrium according to DIN ISO 11274 is, that the mass change
between measurements at two subsequent days is less than 0.02% of the sample mass.
This is slightly different than the criterion given above, which is due to the different
disciplines (Soil Science, Building Physics) where the standards were developed in.
The time required for equilibration generally depends on the investigated material and
the height of the specimens. However, experience from a large number of measure-
ments revealed that for most building materials equilibrium is reached after three to
four weeks, for materials with a very low liquid water conductivity (as e.g. concrete)
six weeks are sufficient (for a sample height of 1 cm). For different applied pressures,
different pressure chambers and different ceramic plates according to their air entry
value are used, where it is recommended to use always the plate with the smallest pos-
sible resistance (Klute (1972), Klute (1986)). The accessible pressure range of the meas-
urements reported here is shown in Tab. 3.2. 

Normally, only the desorption characteristic is measured by this method due to the dif-
ficulty to ensure perfect water contact at the bottom side of the ceramic plate. With spe-
cially designed and flushable ceramics, this would be possible, though very laborious.
The idea of the pressure plate apparatus goes back to Richards & Fireman (1943) who
first build such a device and compared their measurement results with those from suc-

Table 3.2:  Pressure steps investigated with the pressure plate apparatus.

Applied pressure in [MPa] 0.003 0.01 0.03 0.06 0.1 0.2 0.5 0.8 1.4

Used ceramic plate in [MPa] 0.05 0.05 0.05 0.1 0.2 0.3 0.5 1.5 1.5

Figure 3.3: Pressure plate apparatus: Pressure chambers for pressures up to 0.5 MPa (left) 
and up to 1.5 MPa (right), together with the control valves.
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tion measurements obtaining good agreement. An overview on the pressure plate
method was given by Klute (1986). A general instruction for both, suction and over-
pressure methods, can be found in DIN ISO 11274.

Hanging water column

There exist different possibilities to apply a suction, i.e. a hanging water column to a
material specimen depending on the range of suction pressures to be investigated. For
very low suction values (used here between 0 to 2 kPa, higher suction pressures are
possible), a burette device can be used allowing to adjust the suction value very pre-
cisely. Higher suctions up to 50 kPa are adjustable with suction tables in combination
with different filling materials.
The burette device consists of a
glass cylinder funnel which is
connected to a burette, see Fig.
3.4. Inside the cylinder, a small,
highly permeable ceramic is
sealed on which the material
specimen is placed. Below the
specimen, water contact is pro-
vided. After the system is
closed again, the height of the
hanging water column can be
adjusted by the help of the
burettes. 
The suction table method con-
sists of a bowl filled with a
sand or kaolin mixture on
which the material specimens
are placed. At the bottom, a
water supply and a vacuum
pump are attached allowing to
adjust the suction of the system
once the air has been removed.
Depending on the filling mate-
rial, different suction values
can be applied.
When the material specimens are brought into hydraulic contact, equilibrium has to be
awaited before the corresponding moisture content is determined gravimetrically. The
hanging water column methods can be used to investigate both, adsorption and des-
orption characteristics. Especially for low suction values they are advantageous as they
allow a rather precise adjustment of the applied potential. However, special attention
has to be paid for the hydraulic contact.

Figure 3.4: Perspective view on the burette device 
(left) and detail of the funnel cell with 
ceramic and material sample (right).
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3.1.4 Vapour diffusion

The principle of measuring vapour transport through a building material is
based on steady state flow conditions which develop under a constant potential gradi-
ent. The potential, i.e. the vapour pressure, can be adjusted by controlling the relative
humidity and keeping the temperature constant. The relative humidity can either be
adjusted by saturated aqueous salt solutions or by a climatic chamber. If the flow rate
through the material is measured, the transport properties can be derived for the cor-
responding potential gradient.
For vapour diffusion measurements, so called cups are used, see Fig. 3.5. Inside the
cup, the relative humidity is adjusted whether with a drying agent or with a salt solu-
tion. A material specimen is sealed into the lid of the cup providing one-dimensional
transport. The cup is closed with the lid allowing vapour to enter (or leave) only
through the investigated material. The whole cup is placed either into a climatic cham-
ber or into a desiccator, where another relative humidity is adjusted. Depending on the
vapour pressure gradient, vapour will enter or leave the cup. From gravimetric meas-
urements, the flow rate can be obtained and, after a steady state flow has been devel-
oped, the vapour diffusion coefficient can be derived.
With the choice of different relative
humidity conditions, the vapour dif-
fusion coefficient can be determined
for different potential gradients and
correspondingly for different mois-
ture contents. With this regard, the
experiment is often called dry-cup or
wet-cup experiment. For higher rela-
tive humidities, not only vapour dif-
fusion proceeds, but also liquid
conduction. In combination with an
assumption on up to which relative
humidity does only vapour transport
proceed, the liquid transport rate
and, thus, the liquid water conduc-
tivity can be determined from the
wet-cup measurements, too. 
To achieve reliable measurement
results, from the authors point of
view it is recommended to keep the
relative humidity difference rather
small (i.e. 10% to 20% RH). By preconditioning the material specimens at a mean rela-
tive humidity of the planned experiment, the time the steady state flow conditions
require to develop can be significantly reduced. This is the reason for the special cup
design shown in Fig. 3.5, where the lid can be easily removed for that purpose. More-
over, the mean moisture content of the specimen can be determined at the beginning
and at the end of the experiment which is important if no assumption is to be implied
whether the adsorption or the desorption storage characteristic is to be used to assign
the transport coefficient to a moisture content. The cup design was developed by
Plagge (2001).

Figure 3.5: Cup for measurement of vapour 
diffusion. The material specimen 
is sealed into the removable lid 
enabling preconditioning and 
easy change of boundary 
humidity conditions.
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The basic principle of the vapour diffusion measurement procedure is standardized in
DIN EN ISO 12572. Different measurement devices have been introduced in literature,
e.g. by Richards et al. (1992), Galbraith (1992), Galbraith et al. (1997), Galbraith et al. (1998),
Time (1998), Hansen et al. (2001), Padfield et al. (2002), Galbraith et al. (2003) and Plagge et
al. (2003).
In contrast, Arfidson & Cunningham (2000) introduced a transient technique to deter-
mine the moisture diffusion coefficients in the hygroscopic region, where they applied
a stepwise increase in relative humidity to a material specimen and recorded the mass
increase in time. With the knowledge of the sorption characteristic of the material, the
hygroscopic moisture diffusivity could be derived. The method itself provides a signif-
icant gain in time which is necessary for the measurement. However, the sorption
curve is required for its evaluation implying the problem of hysteresis and limiting the
overall time gain, since the sorption measurement itself is rather time consuming.

3.1.5 Water uptake experiment

The water absorption or water uptake experiment measures the mass increase
during a one-dimensional imbibition of a material specimen. It is specified in DIN EN
ISO 15148. To provide one-dimensional transport, the lateral sides of the specimen
have to be sealed. After preconditioning at normal laboratory conditions (between
18°C and 28°C, 40% to 60% relative humidity), the specimen is placed into water with
its bottom side. With increasing time intervals, the weight of the specimen is deter-
mined. For this purpose, the specimen is taken out of the water, its bottom side is
dabbed off with a towel and it is placed on a balance. This has to be repeated several
times to obtain a number of measurement points forming a characteristic water-uptake
versus time curve. According to DIN EN ISO 15148, the experiment is completed after
24 h.
For homogeneous and isotropic materials, the water absorption experiment consists of
two distinct phases, see Fig. 3.6, curve (a). The first one is characterized by a linear mass
increase versus the square root of time. The transition from the first to the second phase
proceeds when the moisture front reaches the top side of the specimen. A further mass
increase is due to redistribution processes involving dissolution of entrapped air and
typically proceeds very slowly. 
From this experiment, the water uptake coefficient and the capillary moisture content
can be derived. The water uptake coefficient  in  is determined as the
slope of the mass increase versus square root of time during the first phase of the exper-
iment. The capillary moisture content  in  is usually taken as the moisture
content which is reached when the slope of the mass increase deviates from the linear
behaviour in the square root of time scale or as the moisture content at the end of the
experiment. This is, however, only a rather rough approximation, as will be further
discussed also in section Capillary moisture content range in Chapter 5.

Aw kg m2 s( )⁄[ ]

θcap m3 m3⁄[ ]
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Remarks on the water uptake experiment

As it is the typical case for standards, DIN EN ISO 15148 can be seen as a specification
of minimum requirements, only. From the authors point of view, a number of details
have to be taken into account with more care. These are:

• duration of the whole experiment and amount of data points 
collected during measurement,

• sealing of the upper side to prevent evaporation / moisture 
absorption due to boundary conditions,

• dipping / water contact at the bottom surface of the specimen

The duration of the experiment is
seen most problematic. Since the
time the moisture front requires to
reach the top of the specimen is
dependent on both, the transport
properties of the material and the
height of the specimen, it is much too
general to stop the experiment after
24 hours, see illustration in Fig. 3.6,
curve (b). Therefore, the material
behaviour should be taken as the cri-
terion when to stop the experiment.
For the interpretation, especially
with regard to the calibration of
material functions, the whole water
absorption curve is of interest. A sin-
gle coefficient, as  is useful for a
rough approximation. For a pro-
found adjustment of the hygric
transport functions, however, 
alone is not expedient, especially in
case the material does not behave as
ideal as curve (a) shown in Fig. 3.6.
To overcome this problem, Häupl et al. (1989) and later Plagge et al. (2005) developed
and introduced an automatic device to measure the water uptake behaviour of build-
ing materials, of which a picture is given in Fig. 3.7. Here, the mass increase is contin-
uously measured by an automatic balance delivering the whole curve. The duration of
the experiment can be adjusted exactly to the material behaviour by evaluating the
logged data. Moreover, the water absorption behaviour of building materials which do
not follow the ideal square root of time course, as e.g. curve (b) in Fig. 3.6, can be
observed and evaluated, too.
To prevent a material specimen from drying by evaporation through the upper surface
of the specimen, it is recommended to cover the upper surface, too. However, as
already discussed under paragraph 2.1.4 Remarks on heat, air and moisture transport, fol-
lowing Wilson & Luthin (1963), Descamps (1997) and others, the cover must enable air
pressure equilibration with the atmosphere. Therefore, the top sealing should be
pierced or some gaps should be left for the air pressure to equilibrate.

t

(a)
Mw

(b)

?  ?Aw θcap

Aw

24 h

Figure 3.6: Water uptake curves for a 
homogeneous material (a) and an 
inhomogeneous material (b).
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For the interpretation of the experi-
ment by numerical simulation, it is
important to precisely know the
boundary conditions. When a con-
ductivity model is employed, a
pressure condition can be applied,
otherwise the boundary moisture
content must be known. Typically,
the pressure condition can be easily
determined while the boundary
moisture content has to be esti-
mated by one or the other method
the capillary moisture content is
derived with. As the moisture stor-
age function is normally defined
only in the capillary pressure range,
i.e. for suction pressures, but not for
overpressures, it is recommended to
perform the experiment under con-
ditions where no overpressure is
applied. Ideally, a zero pressure
condition is applied, which means
that the bottom surface of the speci-
men is equal to the water surface
and neither a small water column is hanging nor a small overpressure due to the dip-
ping is applied. However, achieving such conditions is rather difficult. Thus, from the
authors point of view, a small hanging water column at the bottom surface is to be pre-
ferred. However, in contrast to this, the standard recommends a small overpressure,
mainly due to practical reasons, which slightly complicates the interpretation of meas-
ured data.
In literature, explanations concerning the water absorption experiment are mainly
given in the context of moisture profile measurement techniques as nuclear magnetic
resonance (NMR) or -ray, e.g. by Pel (1995), Krus (1995), Descamps (1997) and Broken
(1998). The experiment in general is briefly summarized, among others, by Roels (2000),
Mukhopadhyaya et al. (2002) who investigated the influence of water temperature on the
absorption coefficient, Bomberg et al. (2005) and Janssen et al. (2007), while Fitz & Krus
(2004) discuss the clutter resulting from different standards which regulate the same
experimental method from different points of view. However, a clear and comprehen-
sive examination of the experiment can only be found in the works of Häupl et al. (1989)
and Plagge et al. (2005).

3.1.6 Drying experiment

The drying behaviour of building materials reveals information about the
moisture transport properties in the lower overhygroscopic moisture content range.
Thus, data from drying experiments were occasionally used to identify the transport
parameters required in simulation models. With this respect, Pel (1995) and Broken
(1998) performed a series of drying experiments recording moisture profiles by the

Figure 3.7: Device for automatic water 
uptake measurement developed 
by Plagge et al. (2005).

γ
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help of NMR, whereas drying experiments were also mentioned in that context by
Künzel (1994) and Krus & Holm (1999). On the other hand, drying plays an important
role for outer wall structures, as indicated by Ojanen et al. (2002), who investigated the
drying efficiency of such structures under different thermal conditions. 
The general principle of a drying experiment is rather simple. A laterally sealed, satu-
rated material specimen is exposed to certain boundary conditions while its weight
change is measured versus time. However, the drying behaviour is strongly depend-
ent on these boundary conditions, especially on the transfer conditions, which is prob-
ably the main reason why neither any kind of regulation on drying experiments exists,
nor a wider application or explanation of them can be found in Building Physical liter-
ature. 
A first attempt was made by Bednar (2002) who investigated the influence of surface
cooling due to evaporation on the drying behaviour using thermally insulated speci-
mens of aerated concrete. Another study, reported by Bednar & Dreyer (2003), concerns
the varying transfer conditions within a room due to ventilation which was performed
on the basis of drying experiments, too. Finally, Moropoulou et al. (2005) reported an
investigation on the drying behaviour of different bricks, stones and plasters under dif-
ferent boundary conditions. Unfortunately, neither a clear description of the measure-
ment setup, nor an evaluation of the transfer conditions was given significantly
complicating the data evaluation with respect to material modelling.
It is to be stated, that a systematic analysis of the process and a development of instruc-
tions that should be followed for a reasonable performance of drying experiments
could not be found. Hence, a special need for both, analysis and development is
noticed here. Therefore, and due to the high level of importance in which the author
refers to drying experiments with regard to hygric material modelling, a systematic
analysis of the drying experiment leading to the development of a new drying device
was performed. This has already been published by Scheffler & Plagge (2005a), whereas
a detailed elaboration is given in paragraph 5.2 Methodological Developments for the Dry-
ing Experiment.

3.1.7 Saturated and unsaturated flow experiments

Within the capillary pressure range close to saturation, steady state flow meas-
urements at different pressure gradients can be performed to determine capillary con-
ductivity data. In principle, the experimental setup is based on the same idea as
introduced for vapour diffusion measurements. A potential gradient is applied to a lat-
erally sealed, saturated material specimen and the development of steady state flow
conditions is awaited. From this steady state flow rate the transport coefficient under
the corresponding potential gradient can be derived and related to the additionally
measured state variable, i.e. the water content. 
Most of the methods for the hydraulic conductivity measurement were developed in
the field of Soil Science. A comprehensive review on different steady state and
unsteady state laboratory methods was given by Klute (1972) and Klute & Dirksen
(1986), whereas a sound and tight assessment can be found in Plagge (1991). In Building
Physics, Descamps (1997) and Roels (2000) used saturated conductivity data. However,
they performed air permeability measurements for their materials and recalculated the
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water conductivity in dependence on the ratio of the kinematic viscosities of air and
water. The application of a direct water conductivity measurement device called head
permeameter was first reported by Plagge et al. (2003). More recently, another device
was developed based on tension infiltrometry which allows to measure conductivity
data also under unsaturated conditions. The principle ideas of both methods are
briefly explained as follows, whereas an elaborate introduction of both devices can be
found by Plagge et al. (2007).
For the head permeameter device, a material specimen is sealed with epoxy into a per-
spex ring, see Fig. 3.8 (b). The ring fits into the permeameter head where it is tightly
fixed by a rubber pressure membrane (Fig. 3.8 (c)). One side of the specimen is now
accessible to boundary conditions. The other side is, together with the head, connected
to a glass container and a vacuum pump. After the permeameter head with the speci-
men is placed into a water bath, suction is applied to the system connected to the other
side causing a water flow through the material sample. The applied suction pressure,
the water temperature and the water flow rate are continuously measured enabling the
liquid water conductivity to be derived once steady state flow conditions have devel-
oped. A view on the whole device is shown in Fig. 3.8 (a).
The second device, called tension infiltrometer, uses a flushed ceramic in combination
with a vacuum pump to apply a suction value at the bottom side. A material specimen
is set on the ceramic providing capillary contact by the help of a kaolin-silt mixture as
shown in Fig. 3.9 (c). At the top side of the specimen, another suction value is adjusted
by the help of a closed water reservoir with a small capillary allowing air to enter in
case the pressure falls under a certain value (Fig. 3.9 (b)). By that, the water from above
stays under a certain tension which is dependent on the size of the small capillary,
while a higher suction value is applied to the bottom side of the material sample. The
rest of the principle is the same as before: steady state flow is awaited, the flow rate is
measured and the corresponding conductivity value is derived in dependence to both
applied suction values. The general setup can be seen in Fig. 3.9 (a).

Figure 3.8: Head permeameter: complete device (a), material sample sealed into a perspex 
ring (b) and permeameter head with material specimens (c).

(c)

(b)(a)
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3.1.8 Concluding basic experimental methods

The set of basic static, steady state and unsteady state experiments for hygro-
thermal material characterization was introduced on the basis of both, literature and
the authors own experience. However, not all these methods are exhaustively investi-
gated and described, yet. Instead, several detail problems can occur which have to be
carefully accounted for. Moreover, experimental methods often require minor modifi-
cations in dependence on the investigated material. Thus, there exists still a need for
further developments in the field of experimental methods and procedures for hygro-
thermal material investigation, as indicated not only, but with most emphasis, for the
drying.
On the other hand, the experimental methods introduced above comprise an expedient
methodological foundation for an advanced but still relatively simply applicable
hygrothermal material characterization. This thus serves as the basis for material data
determination as input for material modelling. For model validation, however, exper-
imental data is required which is not used as model input. Therefore, another unsteady
state method was applied, providing moisture profiles in space and time during
instantaneous conditions, which will be introduced as follows.

Figure 3.9: View on the tension infiltrometer device (a) with connection detail (b) and 
placing material samples on the flushed ceramic with a silt-kaolin mixture (c).

(a) (b)

(c)
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3.2 Instantaneous profile measurements

Validation of hygrothermal material modelling requires experimental data
which is, on the one hand, not used as model input and, on the other hand, provides a
broad range of states which might occur also under transient and practical conditions.
Hence, most suitable are unsteady state methods where both, moisture flow rates and
moisture profiles are measured. The instantaneous profile measurement technique
(IPM) is such a method and was applied in both, the hygroscopic and the overhygro-
scopic moisture content range for the investigated building materials. As follows, the
principle of the instantaneous profile method will be explained, whereas subsequently,
the different sensor types to measure the moisture content and the moisture potential
are introduced.

3.2.1 Principle of instantaneous profile methods

The instantaneous profile method is based on the knowledge of the moisture
distribution inside a material column under transient conditions. From both, the
known moisture contents at different positions and times and defined boundary con-
ditions, the moisture flow rates can be derived. When, in addition, the moisture poten-
tial distribution is known, the hydraulic conductivity can be directly derived from the
flow equation.
There exist several variations in the method due to the different techniques used to
determine moisture content or moisture potential and, since the method was devel-
oped in Soil Science, due to field or laboratory application. As field methods are not of
interest here, the reader may be referred to the corresponding literature, e.g. Klute
(1972) and Bouma (1977). The laboratory methods vary in the kind of flow experiment,
which could be an infiltration or a drainage, in the kind of controlled boundary condi-
tions, as e.g. a no-flow condition or a no-pressure condition, and in the quantities
which are measured. For the latter one, the following combinations are possible (Klute
(1972), Plagge (1991)):

• Moisture content profile is measured, moisture potential profile is 
derived based on measured moisture storage characteristics.

• Moisture potential profile is measured, moisture content profile is 
derived based on measured moisture storage characteristics.

• Both, moisture content and moisture potential profiles are measured.

Variation in the kind of flow experiment carried out is very appropriate to investigate
adsorption and desorption processes and normally also influences the kind of bound-
ary condition controlling. For the quantities to be measured it is certainly the best to
determine both, moisture content and moisture potential. An illustration of the princi-
ple of instantaneous profile measurements is shown in Fig. 3.10.
Probably one of the first applications of one kind of the instantaneous profile method
was reported by Richards & Weeks (1953) and Weeks & Richards (1967), who measured
the drainage rate of a horizontal column of soil while the moisture potential was con-
trolled by tensiometers. The water content was inferred from the desorption moisture
storage characteristic. Other authors followed, either using the same combination of
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tensiometer sensors and moisture content inference or applying -ray attenuation for
the moisture content measurement, as e.g. Gurr (1962). A well structured and compre-
hensive overview on the early field and laboratory methods developed in Soil Science
was given by Klute (1972). 
Non-destructive moisture content measurement was much simplified by the develop-
ment of miniaturized time domain reflectometry (TDR) sensors. With the TDR tech-
nique, the material sample is divided into different compartments, where both
quantities could be measured in a high temporal resolution. This kind of instantaneous
profile method was first reported by Plagge (1991) and Malicki et al. (1992), who applied
miniaturized TDR sensors for the investigation of different soils under laboratory con-
ditions. The scheme shown in Fig. 3.10 follows this method. 
The IPM technique developed by Plagge (1991) forms the basis of the methodology the
validation experiments are carried out with. This is elaborated under paragraph 5.2
Methodological Developments for the Drying Experiment in more detail, whereas the sen-
sors that can be used for a setup according to this principle are introduced within the
subsequent sections.

3.2.2 Sensor technology

The desired quantities to be monitored are the moisture content and the mois-
ture potential. To measure the moisture content, time domain reflectometry (TDR) sen-
sors are used, of which the measurement principle will be briefly explained as follows.
As already indicated in Chapter 2, the relative humidity is typically used as the mois-
ture potential within the hygroscopic moisture content range, whereas the capillary
pressure is used within the overhygroscopic range. Therefore, different sensor types
have to be used for each and the intermediate moisture content range, that will be
introduced here.

γ

Figure 3.10: Measurement principle of the IPM technique. A material sample is exposed to 
different boundary conditions causing transient moisture flow, while state 
variable and potential are continuously measured versus space and time.
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3.2.2.1 Moisture content measurement

The time domain reflectometry (TDR) was originally developed to investigate
electric cables with respect to short-circuits or cable brake. During the 1970s, TDR was
also discovered by other disciplines and recognized as a rather simple, non-destructive
method to measure the moisture content and the electric conductivity of soils (Sobczuk
& Plagge (2007))1. The measurement principle, as illustrated by Roth et al. (1989), is
based on the propagation velocity  of an electromagnetic pulse inside a material,
which is only dependent on its apparent dielectric constant  and its magnetic perme-
ability  according to eq. (3.4), where  corresponds with the speed of light in vac-
uum.

(3.4)

For non-magnetic materials, the magnetic permeability can be set to  in general
(Sobczuk & Plagge (2007)). Thus, the apparent dielectric constant  of the medium can
be derived, if the propagation velocity  is known. With the TDR sensor, an electro-
magnetic pulse is sent and its propagation time  is measured. Hence, depending on
the path length of the pulse, which is normally twice the length of the probe  (there
and back),  can be determined following eq. (3.5) enabling the derivation of .

(3.5)

The applicability of TDR for moisture content measurement is due to the large differ-
ence in the dielectric constants of typical mineral components with , air with 
and water with . Since the dielectric constant of the apparent material configura-
tion can be measured by TDR, the moisture content can be derived with the knowledge
of the other dielectric properties.
TDR sensors are available in many
different types and forms (Kupfer et
al. (2004), Sobczuk & Plagge (2007)).
Most suitable for the application in
the laboratory are the miniaturized
probes developed by Plagge (1991),
Malicki et al. (1992) and Sobczuk et al.
(1992), of which one is shown in Fig.
3.11. For field measurements, larger
probes are available, too.
The moisture content measurement with TDR requires two levels of calibration. The
first one, which is the actual calibration, is required for the system configuration. When

1. In addition to the cited literature, an introduction to the history and the measurement principle 
of the TDR technology can be found at the home page of the TDR sensor producer IMKO, where 
a brochure „Theorie der Material- und Bodenfeuchtemessung mit der TRIME-Methode“ is pro-
vided in German and English. The internet address is: www.imko.de, visited at June 8, 2007.
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Figure 3.11: Miniaturized TDR probe applied 
for moisture content measurement.
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the electromagnetic pulse is sent, at each impedance change, a part of it is reflected and
a part is transmitted. To ensure that the interpreted time interval is the one between
entering and leaving the probe, the system configuration has to be calibrated by the
help of two media with significantly different dielectric properties. 
The second calibration is required for the derivation of the moisture content. In a strict
sense, this is not a calibration, but a provision of input data for a model which is used
to determine the moisture content from the measured dielectric properties. In Chapter
5, the TDR calibration will be shown exemplarily. In paragraph 5.3.3.2 TDR data evalu-
ation, different models to derive the moisture content will be introduced and discussed
in the context of their requirements and their flexibility.

3.2.2.2 Moisture potential measurement

In dependence on the moisture potential range, different sensors are applied
for its measurement. In the wet moisture content range, i.e. for capillary pressures up
to 0.085 MPa, tensiometers can be used to directly measure the suction pressure. For
higher capillary pressures, the moisture potential can be measured in form of the rela-
tive humidity. Here, two sensor types are employed. One is a capacitive sensor for the
whole range from around 5% to 98% relative humidity, whereas the other one is a psy-
chrometer sensor, enabling relative humidity measurement at very high relative
humidities covering the intermediate range.

Tensiometers

It is important for the measurement
under instantaneous conditions, that
the applied sensors are able to
observe changes in the adjacent con-
ditions rather quickly. Therefore,
micro tensiometers, as described by
Plagge (1991), are treated here. They
consist of a small porous cell which is
connected to a pressure sensor via a
pressure tight brass body. The water
filled porous cell, which is typically
made of a porous ceramic, a sintered
metal or another type of porous
membrane, is brought in hydraulic
contact with the material leading to
an equilibration of the suction pres-
sure inside the cell and the surround-
ing material. Then, by the help of the
connected pressure transducer, the
pressure inside the material can be
measured.
There exist many different types of tensiometers depending on the application for
either field or laboratory investigations. Cassel & Klute (1986) give an overview on the
moisture potential measurement by tensiometers with respect to both, field and labo-

Figure 3.12: Tensiometer sensors to measure the 
moisture potential.
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ratory use. Fig. 3.12 shows an example of a tensiometer with two different ceramic
cells. The range of application is limited by the air entry value of the porous cell and
by the general measurability of suction pressures. The air entry value of the shown
ceramic cells corresponds with a suction pressure of 0.095 MPa, enabling the applica-
tion for the whole possible suction pressure measurement range. The advantages of ten-
siometers are the ability of moisture potential measurement in the wet moisture range
and - for this type of sensor - the quick response on changing conditions. The main dis-
advantage is, that the sensors fail once the capillary pressure has fallen below the air
entry value of the porous cell preventing measurement cycles which scan the whole
moisture content range.

Psychrometers

Psychrometers used for the moisture
potential measurement inside of
porous materials consist of a minia-
ture thermocouple junction placed
inside a small measurement chamber.
Due to the Peltier-effect, the junction
can be cooled forcing the humidity
inside the small chamber to condense
water on it. Subsequent evaporation
of the condensed water causes a tem-
perature depression inducing a volt-
age which is measured by a
voltmeter. From this voltage, the rela-
tive humidity inside the small cham-
ber can be derived. 
A picture of such a psychrometer is shown in Fig. 3.13, whereas an overview of the
measurement principle and different derived sensor types for laboratory and field
application is given by Rawlins & Campbell (1986). The main advantages of psychrom-
eters are the high precision in relative humidity measurement and the applicability at
very high relative humidities above 99%. They, hence, represent the moisture potential
measurement principle connecting the hygroscopic and the overhygroscopic moisture
content range. However, psychrometers are very sensitive to the temperature and,
since the measurement procedure requires to disturb the energy state of the system,
they can only be recalled in larger time intervals. 

Capacitive humidity sensors

The measurement principle of a capacitive relative humidity sensor is based on the
moisture dependent capacity change of an electrical condenser containing a hygro-
scopic polymeric dielectricum (Freudenberger (1989)). The condenser is used as the fre-
quency determining element of an oscillator. If the moisture content is changing, the
capacity of the condenser is changing, too, leading to a frequency reduction. From this,
the relative humidity can be derived being inversely proportional to the oscillator’s fre-
quency.

Figure 3.13: Psychrometer probe to measure the 
moisture potential at high relative 
humidities close to saturation.
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An example sensor, as it was used for
the IPM measurements reported here,
is shown in Fig. 3.14. Main advan-
tages of such humidity sensors are the
wide application range from 5% to
98% relative humidity, the high meas-
urement precision of  for the
whole measurement range and the
short response time of the sensors.
Disadvantages are the long time sta-
bility and the longer measurement
failures at high relative humidities,
once liquid water is condensed inside
the measurement cell.

3.2.3 Concluding instantaneous profile measurements

The general method of instantaneous profile measurements was introduced, a
brief reference to the context of related literature was given and the measurement prin-
ciple as particularly applied for the validation experiments was outlined. Subse-
quently, different sensor types with their prevailing measurement principles were
sketched being used to measure instantaneous profiles of moisture content and mois-
ture potential. By that, the methodological basis is provided for an advanced material
investigation with respect to both, research and validation purposes.

3.3 Conclusions on Experimental Methods

The chapter on experimental methods has been subdivided into basic experi-
mental methods and instantaneous profile measurements. Within the first part, the
term basic material properties has been clarified in the frame of the corresponding
experiments, which were generally explained and conclusively discussed. As a result,
some requirements for further developments were pointed out. The second part gave
an outline of the principle of instantaneous profile measurements and the sensor types
to be employed for moisture content and moisture potential measurements. There, the
dependencies stemming from sensor application for different moisture content ranges
were indicated and discussed.
By this, an overview of the experimental methods was given. Whereas the basic meth-
ods are considered to be of general applicability for Building Physical laboratories
determining the material properties for hygrothermal simulation input, the instanta-
neous profile method is to be used for further investigation of the moisture transport
dependencies indicating limits and options of both, the hygrothermal transport theory
and material modelling. The following chapters will bring the different steps of mod-
elling and material investigation together showing new developments in material
modelling and experimental methods as well as their implementation and evaluation
within the context of hygrothermal material model validation.

Figure 3.14: Miniaturized temperature and 
relative humidity sensor.

2%±
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CHAPTER 4

INVESTIGATED MATERIAL

A large number of building materials has been investigated with regard to the
basic hygrothermal material properties (Plagge et al. (2007)), of which four commonly
used materials are selected for the special studies reported below. These materials are
a typical building brick, a calcium silicate inside insulation board, an autoclaved aer-
ated concrete and a lime-sand brick. 
The selection is made from two different points of view. On the one hand, all materials
should be frequently used building materials with a wider range of application. Thus,
three chosen materials are building stones representing different structural types,
whereas the forth choice is made for an insulation material. On the other hand, the
materials should also be representative for the whole range of hygrothermal behav-
iour, i.e. from light and vapour open to dense and tight, from slow water conducting
up to capillary active building materials. 
The chosen building brick is a dense but fine-porous material with a relatively high
capillary conductivity, a mean vapour diffusion resistance and a low hygroscopic
moisture storage characteristic. The calcium silicate is a light and highly porous insu-
lation material with a fine pore structure. It has a very high capillary conductivity, is
vapour open, but contains a low hygroscopic moisture capacity. It is used as an inside
insulation material, especially for thermal rehabilitation of historical buildings. 
The autoclaved aerated concrete represents a light, thermally insulating building stone
with a high porosity. It has a wide pore range with several pore maxima and a high
hygroscopic moisture capacity. It is a vapour open material with a low capillary con-
ductivity. The lime-sand brick, finally, is a dense and vapour tight building stone. Its
pore structure contains several maxima with a distinct moisture capacity already
within the hygroscopic moisture range. The liquid transport properties are very low.
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According to their moisture transport behaviour, the calcium silicate and the building
brick can be classified as well conducting materials, whereas the lime-sand brick and
the autoclaved aerated concrete can be regarded as slow conducting materials. A selec-
tion of specimens of the first group is shown in Fig. 4.1 and of the second group in Fig.
4.2. The following Tab. 4.1 to Tab. 4.4 contain specific basic material information for
each material.

Figure 4.1: Selection of material samples of the building brick (left) and the calcium silicate 
insulation board (right). The legend shows divisions of 0.5 cm.

Figure 4.2: Selection of material samples of the lime-sand brick (left) and the autoclaved 
aerated concrete (right). The legend shows divisions of 0.5 cm.
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Table 4.1:  Characteristic material properties of the investigated building brick.

Material property Value Unit Miscellaneous

Dry bulk density 1790 The brick is a typical building
stone frequently used, especially

in Northern Germany.Porosity 0.353

Capillary saturation 0.257

Moisture content at 85% RH 0.0025

Water absorption coefficient 0.227

Dry vapour diffusion resistance 13.5

Thermal conductivity 0.87

Table 4.2:  Characteristic material properties of the investigated calcium silicate board.

Material property Value Unit Miscellaneous

Dry bulk density 270 The calcium silicate is used as a
capillary active inside insulation.

Porosity 0.91

Capillary saturation 0.79

Moisture content at 85% RH 0.006

Water absorption coefficient 1.11

Dry vapour diffusion resistance 4.0

Thermal conductivity 0.069

Table 4.3:  Characteristic material properties of the investigated autoclaved aerated concrete.

Material property Value Unit Miscellaneous

Dry bulk density 390 The aerated concrete is a building
material often applied in

Germany.Porosity 0.87

Capillary saturation 0.26

Moisture content at 85% RH 0.023

Water absorption coefficient 0.043

Dry vapour diffusion resistance 7.5

Thermal conductivity 0.095

ρb kg m3⁄

[cm]

θpor m3 m3⁄

θcap m3 m3⁄

θ85 m3 m3⁄

Aw kg m2 s( )⁄

μdry ---

λdry W mK( )⁄

ρb kg m3⁄

[cm]

θpor m3 m3⁄

θcap m3 m3⁄

θ85 m3 m3⁄

Aw kg m2 s( )⁄

μdry ---

λdry W mK( )⁄

ρb kg m3⁄

[cm]

θpor m3 m3⁄

θcap m3 m3⁄

θ85 m3 m3⁄

Aw kg m2 s( )⁄

μdry ---

λdry W mK( )⁄
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Table 4.4:  Characteristic material properties of the investigated lime-sand brick.

Material property Value Unit Miscellaneous

Dry bulk density 1810 The investigated lime-sand brick
is a typical building stone

frequently used in Germany.Porosity 0.345

Capillary saturation 0.218

Moisture content at 85% RH 0.037

Water absorption coefficient 0.052

Dry vapour diffusion resistance 40.0

Thermal conductivity 1.05

ρb kg m3⁄

[cm]

θpor m3 m3⁄

θcap m3 m3⁄

θ85 m3 m3⁄

Aw kg m2 s( )⁄

μdry ---

λdry W mK( )⁄
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CHAPTER 5

DEVELOPMENT AND UTILISATION

On the basis of the review on both, material modelling and experimental meth-
ods for input data determination which was given in the previous chapters, modelling
as well as methodological developments were accomplished. These are presented
within this chapter where three main contents are distinguished: material modelling,
the drying experiment and the instantaneous profile measurement technique.

5.1 Developments in Material Modelling

The literature review given in Chapter 2 comprises the large variety in material
modelling approaches available in Building Physics. The aspired bridge between
sophisticated approaches with a strong physical basis on the one hand and easy to use
and widely applicable approaches on the other hand, leads to the following specifica-
tion of requirements on the material model.

1. The model should be based on the actual driving potential ensuring 
extendibility for further transport phenomena (hysteresis of moisture 
storage, salt and solute transport).

2. The general slope of the liquid water conductivity function should be 
related to the material’s pore structure.

3. The liquid water conductivity function should be adjustable within 
the whole moisture range.



Development and Utilisation

88 Gregor A. Scheffler

4. The model should be adjustable by the help of basic hygrothermal 
material data.

5. The model should be reliably applicable to a broad range of materials 
with a reasonable degree of precision.

For the reason of 1., the developed approach was chosen to be a conductivity approach
which is, due to 2., based on a bundle of tubes model. For the adjustment of the liquid
water conductivity function, the simple pore model according to Burdine (1953) in the
form introduced by Grunewald & Häupl (2003) is coupled with a mechanistical
approach introduced by Scheffler et al. (2004) which has enough flexibility for both, the
lower overhygroscopic and the capillary moisture range.
Finally, the material data required for an appropriate adjustment of the model is to be
specified in Chapter 3, while gains and limits of the model are to be elaborated in Chap-
ter 7, following the objectives of this work.

5.1.1 Moisture storage and pore structure

Basis of the model, as it is typical for bundle of tubes models, is the functional
description of moisture storage. Due to its high flexibility in adjustment of measured
data, the weighted sum of Gauss distribution functions introduced by Grunewald &
Häupl (2003) is chosen here. The moisture storage function is then given by eq. (5.1) and
the pore volume distribution as its derivative by eq. (5.2). There, the capillary pressure
is expressed by  in a logarithmic scale.

(5.1)

(5.2)

Fig. 5.1 gives an illustration of the parameters contained in eq. (5.1) and (5.2) for a
modality of . The  define the positions of pore maxima, i.e. the inflexion
points within the moisture storage function. The slope at these inflexion points is influ-
enced by the . They are the standard deviations in the pore volume distribution func-
tion. Finally, the  specify the plateau levels between the different modalities. They
represent the weighting factors for each modality. When using relative water contents

, the sum of  must equal 1. Otherwise, the sum of  must result in the moisture
content at effective saturation . 
Alternatively, the functional description (2.63) according to Van Genuchten (1980) and
Durner (1994) or any other multi-modal approach could have been chosen. However,
besides the good flexibility of eq. (5.1) especially for higher modalities, the direct inter-
pretation of its parameters on the basis of measured data appeared expedient. And
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since computational resources do not strictly limit the numerical evaluation anymore,
the previous drawback of higher effort in evaluating the error function is vanishing.
Hence, the prevailing advantages vindicate this choice.
Adjusting the moisture storage function (5.1) to measured sorption and retention data,
the derived pore volume distribution function (5.2) displays the pore space available
to water. In contrast to data from image analysing techniques (e.g. Roels et al. (2001))
and mercury intrusion (see e.g. Adolphs et al. (2002)), this pore structure information is
directly related to the quantity of investigation and therefore more reliable for use in
pore models. The model introduced as follows is thus based on such data.

5.1.2 Liquid water and water vapour transport

The derivation of the liquid water conductivity function follows in principal
the pore model according to Burdine (1953) as described in paragraph 2.2.2.3 Bundle of
tubes models. The relative conductivity function is numerically determined from the
inverse of the moisture storage function  according to eq. (5.3). 

relative conductivity (5.3)

The relative conductivity function  contains the relative information of the
material’s pore structure. However, this function requires further adjustment since the
pore structure of the model displays a rather rough approximation (see e.g. Fig. 2.22 in
Chapter 2). For that reason, two further steps are introduced. Fist, the relative conduc-
tivity function is scaled to a measured conductivity value  at effective saturation.

Figure 5.1: 3-modal moisture storage function and its derivation, the pore volume 
distribution. Parameters possess a mathematical meaning and, thus, can be 
directly determined from measured moisture storage data.
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And second, since the tortuosity factor  introduced by Burdine is omitted, a further
coupling with a mechanistical approach is fulfilled and combined with a scaling,
allowing to adjust the conductivity function within the whole moisture range. This
mechanistical approach will be described in paragraph 5.1.2.2 Mechanistical approach:
serial-parallel model below. However, afore a distinction between the different moisture
content ranges is required to clarify the terms used in that context.

5.1.2.1 Moisture content regions

At the beginning of this chapter, in paragraph 2.1.4.2 Hygroscopic and overhy-
groscopic moisture range, a distinction between two moisture regions has already been
made. The moisture storage function and the ratio between vapour and liquid water
transport were the reference parameter in that case. However, when looking at the liq-
uid water conductivity, a finer distinction within the overhygroscopic moisture region
is appropriate.
Certainly, a clear distinction related to a measurable material property is not to be
drawn. Nevertheless, different experiments revealing information about the liquid
water conductivity within different moisture content ranges exist. It appears reasona-
ble to relate these experiments to their corresponding moisture content range when
using them for calibration of the liquid water conductivity function. Fig. 5.2 shows a
liquid water conductivity within the different moisture content ranges that are speci-
fied as follows.

τ

Figure 5.2: Derived liquid water conductivity function in subdivided moisture content 
ranges together with conductivity data derived from measurements.
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Hygroscopic moisture content range

The hygroscopic moisture content range has already been characterized above. Mois-
ture transport occurs mainly as vapour transport. With increasing moisture content,
also liquid water transport proceeds but remains at lower or the same order of magni-
tude as vapour transport. Transport properties can be measured by vapour diffusion
(dry-cup and wet-cup) experiments, see paragraph 3.1.4 Vapour diffusion. In combina-
tion with a model for vapour transport, the liquid transport fraction can be derived as
the difference between measured moisture transport (vapour and liquid together) and
modelled vapour transport. In Fig. 5.2, the black dots at low moisture contents charac-
terize these data.

Lower overhygroscopic moisture range

The lower overhygroscopic moisture content range is characterized by highly unsatu-
rated flow conditions. The liquid water flow is the dominant form of transport. The
experiment revealing information about the conductivity in that range is the drying
described in paragraph 3.1.6 Drying experiment. As building materials will often not be
wetted until saturation is reached, for many application cases this moisture content
range is most important. A study reported by Scheffler & Plagge (2005a) displayed the
liquid water conductivity’s sensitivity in that range. Therefore, calibration of the con-
ductivity function within the lower overhygroscopic moisture content range is very
important.

Capillary moisture content range

With further increasing moisture contents, the lower overhygroscopic passes over into
the capillary moisture content range. Flow conditions are unsaturated. The upper
boundary of this moisture region is rather clearly defined by the capillary moisture
content . However, the definition of the capillary moisture content itself varies fre-

Figure 5.3: Water absorption for a material with a high liquid water conductivity (1) and a 
material with a low liquid water conductivity (2) and the influence on the 
moisture profile and the capillary moisture content.
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quently in literature (compare specifications of e.g. Pel (1995), Carmeliet & Roels (2002)
and Grunewald & Häupl (2003)).
Most definitions have in common that they are related to the water absorption experi-
ment. The derivation of a moisture diffusivity from measured moisture profiles during
water imbibition is limited to the moisture content range reached in that experiment,
see also paragraph 2.2.1 Diffusivity approaches. The highest moisture content reached
within such experiments is therefore often called free water saturation or capillary sat-
uration. Thus, the capillary moisture content is defined as the highest water content
reached during a water absorption experiment, which will normally occur at the imbi-
bition surface. 
However, this moisture content is difficult to measure, especially if no moisture pro-
files can be observed. Therefore, it was tried to derive  from integral data of water
absorption experiments. But since the moisture content at the end of the experiment is
strongly dependent on its duration, the (integral) moisture content at the sharp bend
was supposed to be taken. Unfortunately this is only suitable for materials which form
rather sharp profiles during water absorption. This is illustrated in Fig. 5.3 where for
two materials the moisture profiles and corresponding integral water absorption
curves are drawn.
It can be stated that the capillary moisture content  is a material property which
either can be clearly defined but not generally be measured or can be derived from
measurement but with a rather uncertain relation to its original definition. For the pur-
pose of relating the moisture regions to different experiments revealing information
about the liquid water conductivity, this fact is of lower importance. Instead, the cap-
illary moisture content, derived in one or the other way, characterizes a border range
between unsaturated and saturated water flow.
The liquid water conductivity within the capillary moisture content range is mainly
responsible for the water absorption behaviour of the material. A scaling of the whole
conductivity function between dry and  will therefore be introduced which is pro-
posed to be adjusted by water absorption data. For practical application, this moisture
range is important when water contact occurs for a longer period of time.

Saturated moisture content range

Above capillary saturation, the saturated moisture range follows up to effective (or
total reached) saturation . The connected pore system is filled with water. Trans-
port proceeds therefore under saturated conditions. Some pores which do not contrib-
ute to water transport may not be water filled due to air entrapment (Descamps (1997),
Carmeliet & Roels (2001)). Depending on the duration of water contact, different satura-
tion stages are reached, as the air within those pores slowly dissolves in the water,
allowing them to become water filled.
In practical Building Physical cases, this moisture range is seldom reached. However,
it marks the upper limit of the conductivity function and conductivity values can be
measured within that range. This is described in paragraph 3.1.7 Saturated and unsatu-
rated flow experiments. Therefore, the relative conductivity function is scaled to the
measured  value at  to receive an initial guess of the absolute conductivity func-
tion. During further calibration, the conductivity function is truncated at capillary sat-
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θcap

θeff
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uration and measured values within the saturated moisture content range are
interpolated in a logarithmic scale.

5.1.2.2 Mechanistical approach: serial-parallel model

The pore model describes the liquid water transport in the pore system in a
rather simple way. Among others, a completely interconnected liquid phase is
assumed which enables a continuous capillary flow. This concerns mainly the parallel
liquid and vapour transport which might apply to the upper capillary and the satu-
rated moisture range. Below the capillary moisture range (hygroscopic and lower ove-
rhygroscopic moisture range) the liquid phase exists mainly in form of isolated sub-
domains which are not or only partly capillary interconnected, i.e. which can mainly
interact via the gaseous phase only. This process can be described as serial transport
which is - in comparison to the parallel transport - more efficient in the gaseous phase
while it is much less powerful in the liquid phase.
It can be expected that the volume fraction participating in parallel transport must
increase with the water content and the volume fraction participating in serial trans-
port must decrease, respectively. Therefore, a mechanistical approach is introduced
allowing to describe this serial and parallel transport in dependence to the ratio of par-
allel and serial structured pore domains. The model takes the discussed effects into
account and can be adjusted by the help of drying data.
The basic idea of this model is identical to the one introduced by Grunewald & Häupl
(2002). However, a consequent derivation according to the specifications given in Fig.

pv mean,pv local,

dxser 1 p–( ) xd⋅=dxpar p xd⋅=

xd

dxl ser,dxv ser,

dpv ser,dpv par, dpc par,,

dpv dpc,
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Figure 5.4: Principle of the serial-parallel model following Grunewald & Häupl (2002): 
pore domains with either serial or parallel structure lead to different 
contributions to liquid and vapour transport.

serial structured pore spaceparallel structured pore space
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5.4 results in one term for vapour and one term for liquid water transport. The first one
can be found by Grunewald & Häupl (2002) and Grunewald & Häupl (2003) and is already
given in eq. (2.68). The latter one was neglected in the original model. Therefore, the
whole serial-parallel model is to be developed as follows.
The model assumes a porous material where serial and parallel liquid water and
vapour transport proceed as shown in Fig. 5.4. Both volume fractions contain pores
according to the pore size distribution function of the material. The whole material
could be imagined to consist of randomly distributed sub-domains of serial and paral-
lel structure according to their ratio expressed by . As independent variable, the rel-
ative moisture content  is introduced according to eq. (5.4) as the ratio of volumetric
moisture content and porosity.

relative moisture content (5.4)

The treated section of the dry porous material is represented by one resulting vapour
diffusion coefficient  for both, the serial and the parallel sub-domains. In the same
way, the liquid water conductivity  is assumed to be given. The ratio of parallel and
serial structured areas is introduced by  where  if the whole material is only
parallel structured. The proportion of serial structured areas is therefore characterized
by , see also Fig. 5.4.
In pore domains with serial transport, vapour molecules diffuse through the air-filled
pore space on both sides of a liquid island in direction from higher to lower vapour
pressures. Then, condensation occurs at the capillary meniscus exposed to the higher
vapour pressure. At the same time water molecules evaporate from the capillary
meniscus at the other side. Between both menisci the water is conducted in the liquid
phase. This mechanism was already described by Philip & De Vries (1957).
Assuming immediate pressure equilibrium within a liquid island, it acts as a bypass by
means of vapour diffusion, i.e the vapour pressure at both capillary menisci is equal.
Hence, the local vapour pressure gradient within the air-filled pore space at both sides
of a liquid island becomes higher. This leads to an increase of the vapour flux density.
Under serial flux conditions, the total moisture flux density and the vapour flux den-
sity are equal and can be expressed according to eq. (5.5).

(5.5)

In pore domains with parallel transport, the diffusion cross section corresponds to the
sum of all air-filled pore sectional areas. The vapour flux density declines with reduced
diffusion cross section. Hence it is inversely proportional to the pore filling level, i.e. to
the water content. Under parallel flow conditions both, liquid water and water vapour
flux densities, contribute to the moisture flux leading to eq. (5.6).

(5.6)
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The total moisture flux density consists of contributions from serial and parallel struc-
tured areas. Therefore, both contributions can be set equal according to eq. (5.7) which
is called the condition of continuity.

(5.7)

The sum of the differential serial and parallel vapour pressures must equal the vapour
pressure difference over the whole treated area. In addition, the capillary pressure gra-
dient within the serial pore domains is assumed to be negligible. Thus, the capillary
pressure gradient within the parallel pore domains can be set equal to the pressure gra-
dient over the whole treated area as written in eq. (5.8).

          and          (5.8)

Applying the condition of continuity (5.7) together with (5.8) and the eq. (5.5) and (5.6)
leads, after multiplication with , to the following expression (5.9). This is rearranged
in the next step (5.10) to separate the unknown  which can finally be replaced in
eq. (5.5) leading to eq. (5.11).

(5.9)

(5.10)

(5.11)

The expressions in the brackets of eq. (5.11) represent scaling functions for liquid and
vapour transport, each in dependence to the relative water content and the fraction of
parallel pore domains. Both expressions can be separated and simplified yielding eq.
(5.12) and (5.13). 
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scaling function for vapour transport (5.12)

scaling function for liquid transport (5.13)

Following the argumentation above, it does not appear to be reasonable leaving the
volumetric fraction of the parallel pore domains, i.e. the variable , a constant. In fact
it should be introduced as a function in dependence to the water content. If the water
content is low, only few connections may exist between single liquid islands. Parallel
transport is not possible, yet. With increasing water content, however, more and more
pores will be water filled leading to more and more pore domains where parallel mois-
ture transport is possible. Accounting for this fact, an approach is introduced in eq.
(5.14).

(5.14)

Here, a parameter  is introduced to describe the volumetric fraction of the parallel
pore domains  as a function of the relative water content . The parameter  is
material dependent and can be determined by numerical simulation of the drying
experiment.

5.1.2.3 Calibration of liquid and vapour transport coefficients

The relative liquid water conductivity  of eq. (5.3) must undergo dif-
ferent steps of calibration. First, an absolute conductivity function is achieved by mul-
tiplying  with a measured conductivity value  at effective saturation 
yielding eq. (5.15).

(5.15)

By doing so, the conductivity function might display reliable values within the satu-
rated moisture content range. However, this does not necessarily mean that the data is
feasible for the capillary and the lower overhygroscopic moisture range as well. It is
rather probable that the model of an interconnected bundle of tubes overestimates the
moisture transport, especially with regard to the lower overhygroscopic moisture
range. Therefore, the following procedure is proposed to adjust and calibrate the liquid
water conductivity function.

1. Determine the absolute conductivity function according to eq. (5.15) 
by scaling the relative one to the measured  value.

2. Directly use the conductivity data that can be derived from 
measurements, i.e. data from cup measurement in the hygroscopic 
and data from permeameter or infiltrometer measurements in the 
saturated moisture content range.
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3. Truncate the conductivity function at capillary saturation, introduce a 
scaling factor  at capillary saturation  which is to be adjusted 
by the help of water absorption data and interpolate between the final 
value  and the measured  data in a logarithmic scale.

4. Add the scaling function  according to the serial-parallel model 
and adjust the contained parameter  by the help of drying data.

Following these four steps, the liquid water conductivity is to be composed of several
terms. The core conductivity is the one derived from the pore structure. It is valid from
dry to capillary saturation . With the modifications according to the points 3. and
4. from above, this conductivity function is defined according to eq. (5.16).

for (5.16)

The data obtained from dry and wet cup vapour diffusion experiments reveal informa-
tion about the moisture transport within the corresponding moisture range the exper-
iment is carried out in. The dry cup vapour diffusion resistance factor is assumed to
represent vapour transport only. Therefore it is used in eq. (2.12) to define the vapour
diffusion coefficient . The serial-parallel model provides a term to describe the
moisture dependency of the vapour diffusion coefficient. Hence, eq. (2.12) has to be
combined with the scaling function  according to eq. (5.12) yielding eq. (5.17).

(5.17)

Wet-cup vapour diffusion measurements comprise conditions where both, liquid and
vapour transport, proceed. The conductivity data derived from these experiments is
therefore a moisture conductivity, i.e. liquid and vapour combined. A distinction
between these two could either be drawn by the help of a phase dividing function, as
introduced by Grunewald (1997), or by the help of a defined function for either liquid
or vapour transport. Unfortunately a phase dividing function is difficult and laborious
to be measured. However, the serial-parallel model presented above provides a mois-
ture content dependency for the vapour diffusivity which enables to determine the liq-
uid ratio from the measurements. 
Even though the function (5.17) might not be the correct vapour diffusivity, it presents
a model for vapour transport by which the moisture conductivity can be split up into
vapour and liquid contributions. By the help of eq. (2.24) the vapour diffusivity  can
be transformed into a vapour conductivity . In the same way, the diffusivity values
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which correspond to the measured vapour diffusion resistance factors can be trans-
formed into moisture conductivity values . From the difference of both, meas-
ured moisture conductivity and derived vapour conductivity, the hygroscopic liquid
water conductivity can be determined. This procedure is illustrated in Fig. 5.5 for three
values from cup measurements. The dry-cup value  is regarded to comprising
vapour diffusion only. The vapour diffusivity (5.17) is fixed on that point and liquid
water transport is supposed to be zero.
Thus, the hygroscopic liquid water conductivity  is defined by logarithmic
interpolation of the difference between measured moisture conductivity data derived
from wet-cup vapour diffusion experiments and the vapour conductivity according to
the serial-parallel model which is adjusted to the dry-cup value. As the derivation
according to the pore model is done numerically, the whole conductivity function is
provided in form of data points which are to be logarithmically interpolated for use in
simulation. Therefore, the hygroscopic liquid water conductivity is simply to be added
to the derived data, see eq. (5.18).

for     (5.18)

Above capillary saturation, the measured conductivity data from permeameter or infil-
trometer measurements is to be used. Therefore, the derived conductivity function is
truncated at capillary saturation  and interpolated with the measured values. By
this means the saturated conductivity  is determined in the same way as done
for the hygroscopic conductivity. Finally, with eq. (5.19) the liquid water conductivity
can be defined in dependence to the moisture content consisting of the different con-
ductivities specified above. An illustration of the conductivity function together with
the contained calibration options is given in Fig. 5.6.
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Figure 5.5: Determination of the hygroscopic liquid water conductivity as the difference 
between derived conductivity data from dry-cup and wet-cup measurements 
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liquid water conductivity (5.19)

If none of the conductivity data in the saturated moisture content range is available, the
conductivity derived by the pore model can be used for the whole moisture range up
to effective saturation . But then the value  is to be estimated. Within a study
reported by Weier (2002), the relation between the saturated conductivity  and the
water uptake coefficient  was investigated. Unfortunately, a well-defined relation
could not be found. However, if one follows the argumentation given above concern-
ing the water absorption experiment and its corresponding moisture content range, a
relation between the water uptake coefficient  and the liquid water conductivity at
capillary saturation  appears more likely. Based on the dependence supposed
by Weier (2002), measured water uptake coefficients were compared with the adjusted
conductivity data at capillary saturation for different materials proving a general
empirical relation in the form of eq. (5.20).

(5.20)
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Figure 5.6: Calibration of the liquid water conductivity function. Data in the hygroscopic 
moisture range is derived from cup measurements, data in the saturated 
moisture range from permeameter or infiltrometer measurements. The slope in 
between is derived from the pore structure and can be calibrated adjusting  
and  by the help of numerical simulation and data of water uptake and 
drying experiments. 
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For the investigated materials the coefficient  varied between . Cer-
tainly, this is more than one order of magnitude. However, with regard to the influ-
ences on moisture transport which were observed during the experiments reported in
Chapter 3, the relation (5.20) is still subjected to considerable uncertainties. Circumvent-
ing these uncertainties, a slightly different conductivity function is probable to be
obtained during calibration which, in turn, will lead to different values for , too.
Therefore, as an initial estimate in case no measured conductivity value is available, eq.
(5.20) with  is absolutely useable.
Calibration of the liquid water conductivity function can be done by inverse model-
ling, i.e. by simulation of experiments under adjustment of the internal modelling
parameters  and . The global scaling factor  is to be adjusted using water
absorption data. The parameter of the serial-parallel model  influencing the liquid
water conductivity in the lower overhygroscopic moisture range can be adjusted on
the basis of drying data, see also Fig. 5.6. 
The vapour diffusivity, which is specified in eq. (5.17), is influenced by , too. How-
ever, in comparison with the liquid water conductivity, the influence is here of minor
importance, as shown in Fig. 5.7. Note that the abscissa is of normal scale and not, as
the conductivity in Fig. 5.6, in logarithmic scale.
The vapour diffusivity is defined for moisture contents between dry and porosity, as
vapour diffusion can occur in any air-filled pore. With an increasing moisture content,
however, the vapour diffusivity decreases, which is in accordance to the reduction of
pore space available for vapour diffusion. 
Since the maximum of the vapour
diffusivity is moved to unreliable
high moisture contents for increas-
ing values of , this value is set
fix to  for vapour diffusion.
This is an inconsistency of the
model. However, no discontinuity
arises in the description of mois-
ture transport in general, as the liq-
uid water conductivity in the
hygroscopic moisture range is
always determined as the differ-
ence between measured moisture
transport according to the wet-cup
data and the vapour transport
according to the vapour transport
function. The task was to choose
between a consistent model deliv-
ering an unreliable slope of the
vapour diffusion function or a
small inconsistency for the gain of a reliable vapour diffusivity. And the choice has
been made in favour of a reliable vapour diffusivity. The fixed serial-parallel model
parameter for vapour diffusion may therefore be considered as a blemish of the model.
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5.1.3 Heat conduction

The heat transport depends on the material, its pore structure and on the
degree of saturation, i.e. on the moisture content. The thermal conductivity of the dry
material accounts for the first two dependencies. For the latter, a similar serial-parallel
model can be derived as described under paragraph 5.1.2.2 Mechanistical approach:
serial-parallel model. However, since the commonly used linear increase in dependence
to the moisture content according to eq. (5.21) gives good results for most application
cases, this simplified approach was applied here, too.

(5.21)

In eq. (5.21),  is the calculation value of the thermal conductivity of the material and
 is the thermal conductivity of water with . Determination of the

thermal conductivity is described in paragraph 3.1.2 Thermal properties. The tempera-
ture dependency of the thermal conductivity is not taken into account due to the little
influence it has within the relevant temperature range in Building Physics. In addition
for most materials this influence is not determined.

5.1.4 Concluding the developments in material modelling

The developed material model is a conductivity approach providing a func-
tional description for moisture storage and a derivation procedure for the phase sepa-
rated moisture transport functions. Liquid transport is expressed by a conductivity
function associated with the capillary pressure gradient. The driving force of vapour
transport is the vapour pressure gradient which a vapour diffusivity is assigned to.
The central material property is the moisture storage function for which a functional
description is given. It consists of a sum of weighted cumulative distribution functions
of the Gauss type and is to be adjusted to measured adsorption and desorption data. 
The liquid water conductivity can be derived from the moisture storage function
applying the bundle of tubes model according to Burdine (1953). However, some mod-
ifications, as e.g. a coupling with a mechanistical approach, were introduced enabling
calibration of the conductivity within the whole moisture content range. 
The same mechanistical approach provides also a description for the moisture depend-
ency of vapour transport. The resulting vapour diffusivity can be adjusted by vapour
diffusion measurements. The moisture dependency of the heat conduction is also
taken into account. 
The introduced material model covers the whole moisture content range from dry to
effective saturation. The chosen description of moisture storage has a high flexibility in
adjustment to measured data and forms the basis of the liquid transport function. Liq-
uid and vapour transport functions can be calibrated by the help of measured data and
inverse modelling providing a general material model with enough flexibility to be
adjusted and calibrated on the basis of experimental data.
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5.2 Methodological Developments for the Drying Experiment

The drying experiment is considered to be very important for the hygric mate-
rial characterisation since it reveals information about the moisture transport proper-
ties within the lower overhygroscopic moisture range. It is an integral transport
experiment which does not require expensive equipment to be performed. Together
with the water uptake experiment, two complementary moisture transport investiga-
tion methods are available enabling material model calibration for the whole overhy-
groscopic moisture range.
However, the drying is much more dependent on the boundary and transfer condi-
tions than the water uptake. Therefore, if the measured data is to be used for inverse
modelling, all conditions have to be known, i.e. measured. At present, there exists nei-
ther any standardisation for the experimental investigation nor a clear and possibly
simple material parameter which can be derived from it. Therefore, the following par-
agraphs investigate the drying process and its governing influences. On that basis,
requirements on a drying device will be formulated and the developed apparatus will
be shown. Finally, the definition of a drying coefficient, based on the first attempts
made by Krus et al. (2007), will be discussed on the basis of own measurement and sim-
ulation studies.

5.2.1 Basics of the drying process

The drying process is identified by the phase transition of liquid water into
water vapour. The moisture stored within a material is given to the surrounding air by
evaporation. Depending on the moisture content and the moisture transport proper-
ties of the material, two processes can be distinguished. For the first, typical at high
moisture contents, the water is conducted to the surface in its liquid phase where evap-
oration proceeds. The second one, which is distinctive for lower moisture contents, is
characterised by evaporation occurring already inside the material and causing a
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Figure 5.8: The drying process: boundary conditions and material properties influencing 
the drying process (left) and example integral drying curve with a distinction of 
the two drying phases indicating its influencing parameters (right).
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vapour diffusion flow out of the material. For a drying process starting at a high degree
of saturation, both transport mechanisms are normally passed through one after
another. 
Following these two processes, Krischer (1956) distinguished two important drying
phases. Assuming constant boundary conditions, the first drying phase is character-
ized by a constant drying rate, i.e. by a linear weight loss in time, see Fig. 5.8 at the
right. In this phase, the evaporation rate is limited by the boundary conditions. During
the second drying phase, the process slows down depending on the material proper-
ties of the examined specimen.
Hence, three parameters influence the drying behaviour of a building material in par-
ticular. These are the climatic conditions of the drying environment (temperature and
relative humidity) and the transfer conditions at the drying surface, which can be sum-
marized as the boundary conditions, and the transport properties of the material, see
Fig. 5.8. Within the following two subsections, these influences will be elaborated in
detail.
Besides the previous influences, the phase change of liquid water to water vapour
leads to a cooling effect at the material surface. This results in a three dimensional heat
transport. The drying process is therefore a multi-dimensional coupled heat and mois-
ture transport problem.

5.2.1.1 Vapour transfer - Influence of boundary conditions

Climatic and transfer conditions control the amount of moisture which can be given off
the material to the environment. The vapour pressure  can be calculated according
to eq. (5.22) with the relative humidity , the temperature  and the saturation vapour
pressure . The saturation vapour pressure  is a non-linear function of the
temperature which is given by different authors. A commonly used relation is e.g.
given in DIN 4108-3.

vapour pressure (5.22)

The vapour pressure difference  between the material surface and the environment
causes a vapour transport in the direction of lower pressures, i.e. out of the material.
The transfer vapour mass flow density  and the vapour pressure difference 
are associated by the vapour transfer coefficient  according to eq. (5.23). The vapour
transfer coefficient  is dependent on the air flow conditions and the surface texture of
the sample (Worch (2004)). According to Worch (2002), the surface texture can lead to
significantly larger evaporation rates for the same air velocity above the sample com-
pared with a pure water surface.

vapour mass flow density (5.23)
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The vapour pressure difference  is the evaporation force. According to eq. (5.22), the
vapour pressure depends on the temperature and the relative humidity. High surface
temperatures and high humidities cause a high vapour pressure at the material surface
whereas low air humidities cause a low vapour pressure in the surrounding air. The
evaporation rate is raised by increasing the vapour pressure difference .
The factor  in eq. (5.23) is the vapour transfer coefficient representing a phenomeno-
logical transfer parameter which summarizes thermodynamical and fluid-mechanical
effects for practical purposes. Analogous to the heat transfer coefficient  in eq. (5.24),
it is influenced by the air flow velocity along the evaporation surface and by the surface
texture.

5.2.1.2 Moisture inside the material - Influence of transport properties

The transport properties of the material limit the amount of water that is conducted to
the evaporation surface. Generally, the liquid water transport is much more efficient
than the vapour transport. A material with a high liquid water conductivity  will
therefore dry out much faster than one with a low conductivity. In this case, the first
drying phase is very long indicating that the process is only limited by the boundary
and transfer conditions.
For a material with a low liquid water conductivity though, the transition from the first
to the second drying phase is quickly reached, where less water can be conducted to
the surface as could evaporate there due to the boundary and transfer conditions. The
possible mass flow density  is then bigger than the actual water flow  to the sur-
face. The moisture front moves into the material slowing the drying process down. See
again Fig. 5.8 for an illustration of these processes. 

5.2.2 Drying apparatus - Concept and design

In view of these influences, it becomes important to perform the experiments
under defined and reproducible conditions when measured drying data is to be
applied to hygrothermal material characterisation. Information concerning the mate-
rial behaviour is revealed during the second drying phase only. A short first drying
phase is hence desirable. For this reason, a special device was developed on the basis
of the following considerations concerning the drying process and its utilisation for
inverse modelling.

5.2.2.1 Influences and considerations

The main unknown variable of the drying process is the vapour transfer coef-
ficient . Under some assumptions however, the vapour transfer coefficient can be
determined from the measured drying data in a simplified way which is sufficient for
the data evaluation required for inverse modelling.
The moisture release of a material sample is described by the vapour diffusion flux
density  in . It can be measured gravimetrically as the mass change versus
time related to the sample surface and as a mean value of the corresponding measure-
ment interval. Since the vapour pressure depends on the temperature and the relative
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humidity, see eq. (5.22), these two parameters should be known for the measurement
environment. For the vapour pressure at the material surface, the relative humidity
there can be assumed to have a value close to 100% during the first drying phase. Thus,
the surface temperature remains as another parameter to be measured in order to
determine the vapour pressure difference .
The developing surface temperature profile due to the cooling effect is influenced by
different factors. One of them is the sample shape: round specimens will have a radial
symmetric temperature profile which will be evaluated much easier than those of rec-
tangular specimens. Another factor is the environment whose climatic conditions
should be kept constant for that purpose. The less the temperature profile is disturbed,
the more meaningful it is. The use of larger specimens is hence recommended as the
influence of boundary effects will decrease with increasing sample diameter.
If all these data are known, the vapour transfer coefficient  can be determined in a
simplified way. One may assume the surface temperature to be constant during the
first drying phase after an initial period for its development. A measured temperature
distribution at the surface can be averaged, otherwise the temperature of the surface
centre may be chosen leading to slightly increased values for . Bednar & Dreyer (2003)
indicated however, that the resulting error is less than 5%. Then ultimately, the vapour
transfer coefficient can be calculated from the parameters measured during the first
drying phase according eq. (5.25).

vapour transfer coefficient (5.25)

To determine the vapour transfer coefficient as precisely as possible and gain meaning-
ful drying data to be used for inverse modelling, the following considerations concern-
ing the drying experiment were concluded:
Sample shape: 

• The advantage of round specimens is that all state variables behave 
radial symmetric. They can be measured as well as simulated more 
reliably since radial symmetric discretisation and simulation is 
possible. Therefore the use of round specimens is suggested.

• Thermal insulation of the specimens helps to reduce the influence of 
boundary disturbance. On the other hand, simulation is complicated 
by that because another unknown variable is added. Furthermore a 
thermal insulation of the material specimen is laborious and not 
urgently needed. For those reasons, a thermal insulation of the 
specimens is not recommended.

Boundary conditions: The vapour flux according to eq. (5.23) consists of two factors
whose influence on the drying process should be taken into consideration. 

• The vapour transfer coefficient, depending on the air flow conditions, 
can be calculated form the boundary conditions according to eq. (5.25) 
under the mentioned simplification (first drying phase, constant 
vapour flux and constant boundary conditions). The assumption of 
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100% relative humidity at the sample surface is only valid as long as 
the material is able to conduct more moisture to the surface than 
evaporates due to the transfer conditions. This characterizes the first 
drying phase. Its end can be seen in both, the deviance from the linear 
drying course versus time and the rising surface temperature whereof 
the latter one is more sensitive.

• The other factor in eq. (5.23) is the vapour pressure gradient as the 
driving force which can be influenced by the climatic conditions of 
temperature and relative humidity. It is recommended to keep this 
conditions constant as fluctuations in humidity and temperature 
actually influence the vapour flux via the vapour pressure gradient. 
As eq. (5.25) is typically evaluated with mean values of the 
gravimetric measurement interval, these fluctuations may be wrongly 
interpreted into the transfer coefficient.

5.2.2.2 Development of a drying apparatus

The following specific demands on a drying measurement apparatus can be derived
from the stated considerations about the drying behaviour. They are primarily a con-
sequence of the requirements on reproducibility and controllability of the measure-
ment conditions:

• air flow conditions: possibly constant, adjustable and measurable,
• temperature and relative humidity: possibly constant and 

measurable,
• surface temperature: measurable for each specimen,
• possibility to use a variable number of specimens.

A reproducible air flow condition at each sample position could be achieved with a
flow channel. The air flow velocity could be controlled by ventilators at the in- and the
outflow of the channel. Temperature and relative humidity should be measured within

ventilator

surface
temperature sensor

temperature and

flow channel

sensor for 
air flow velocity

Figure 5.9: Scheme of the drying apparatus which is designed on the basis of the discussed 
influences.
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the channel and possibly at more than one position. The evaporation surface should be
overflown in the channel and the surface temperature had to be measured in the sur-
face centre. Finally the specimens should be removable without sustainably disturbing
the measurement course. All these requirements are summarized in a scheme shown
in Fig. 5.9.

Figure 5.10: Pictures of the developed drying apparatus: view of the whole device (a), sensor 
for boundary temperature and humidity (b), detail of a specimen with a surface 
temperature sensor (c), round material samples (d), view inside the flow channel 
with sensors for surface temperature and air velocity (e), and drawer with 
adjustable inlets and template for the specimens (f).

(f)(e)

(c) (d)

(b)(a)
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On the basis of these requirements a flow channel according to Fig. 5.9 was designed
containing the following elements: an air flow channel with assessable ventilators,
adjustable sensors for the surface temperature at each specimen, sensors to measure
the boundary conditions (temperature, relative humidity and air flow velocity) and
removable drawers for the material samples.

5.2.2.3 Realisation of the drying apparatus

The drying apparatus was built as a prototype made of alloy, PVC and perspex form-
ing an air flow channel. It consists of an alloy frame covered by perspex panels, a set of
three ventilators at each end of the channel and the holders for four drawers at the bot-
tom. The drawers are divided into three cells where each contains a height adjustable
insert to hold the specimen. The top of the drawer is covered by a template for the spec-
imens.
The installed measurement technology consists of three times four temperature sen-
sors being height adjustable to the surface centre of each specimen, and two coupled
temperature and relative humidity sensors (see paragraph 3.2.2.2 Moisture potential
measurement) at different positions. Furthermore sensors measuring the air flow veloc-
ity can be inserted. The following pictures of Fig. 5.10 give an overview of the appara-
tus and the installed measurement technique.

5.2.3 Derivation of a drying coefficient

To ensure a high quality for advanced material characterization, the availabil-
ity of drying and water uptake data sets is a prerequisite. As discussed above, the
boundary conditions under which the experiments were carried out must also be
known for that purpose. On the other hand, for a rough approximation of material
properties, both, building industry and design practise, ask for possibly simple mate-
rial parameters. The vapour diffusion resistance factor  giving a measure for the
vapour permeability of the material, or the water uptake coefficient  giving a meas-
ure for the liquid transport properties at high moisture contents during imbibition, are
such parameters. For lower moisture contents, however, a single moisture transport
coefficient is still missing. The drying experiment reveals information about the mois-
ture transport properties in this moisture range. For this reason, some first attempts
have been made recently to derive a simple material parameter from the measured
drying data.

5.2.3.1 Attempts to standardize drying data

Due to the manifold dependencies of the drying process, a simple single parameter as
the slope of the drying curve during the first drying rate or the duration of this phase
would be partly or solely dependent on the drying conditions and would thus not con-
tain the desired information about the material behaviour. Recently, two attempts
have been made to standardize the drying data, and in both the author was involved.
The first study aims at the reproduction of integral drying data by the help of an ana-
lytic function containing one or more parameters whereas the second is an approach
to define a single value drying parameter.

μ
Aw
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Analytic expression to describe the drying course

Jurk et al. (2004) investigated five different approaches to describe the integral drying
curve with an analytic expression. The objective was a simplified and standardized
storage of drying data in data bases restricting the experiments to defined climatic con-
ditions as well as sample dimensions. Under such restricted conditions, the drying
course of three different materials - two types of brick and a calcium silicate - was
approximated by two exponential functions and three combinations of a linear and an
exponential function, each with a different number of adjustable coefficients.
The study showed that only a combination of a linear function describing the first dry-
ing phase and an exponential function as introduced by Sander et al. (2000) with two
parameters describing the second drying phase is able to fairly represent the measured
drying data. All other approaches showed unacceptable agreement. The approach is
given in eq. (5.26) and (5.27) below. There,  is the moisture content at the beginning
of the experiment,  and  are the moisture content and the drying time at the end of
the first drying phase, respectively.  is the moisture content at the end of the exper-
iment, and  and  are adjustable parameters influencing the shape of the curve
describing the second drying phase.

for (5.26)

for (5.27)

Both equations take the same
value  at . If the first deriv-
atives of eq. (5.26) and (5.27)
are set equal for , both
parameters  and  vanish.
This impedes to reduce the
number of parameters by forc-
ing continuity in the slope at

 for both functions. The con-
dition of continuity is hence
not fulfilled for the given
approach. Moreover, the func-
tional flexibility is still limited
for the second drying phase as
can be seen in the example of
Fig. 5.11 comparing measured
drying data of the brick with
the adjusted function. The
measured soft bend at the end
of the first drying phase can not be reproduced. The transition between first and sec-
ond drying phase, however, is a very sensitive and hence important data range which
needs to be reproduced correctly.
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Figure 5.11: Comparison of measured drying data 
with adjusted function according to 
eq. (5.26) and (5.27) for the 
investigated brick.
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Since the investigations revealed that no simple functional expression could be found
describing the general drying course with enough flexibility, these attempts have been
abandoned. For storage in data bases, a normalized set of measured data points in
combination with the climatic boundary conditions appears to be the most reliable
alternative. Further on, it was focused on the definition of a drying coefficient which is
supposed to be as easily used for practical purposes as the water uptake coefficient.

Single number drying coefficient

The main problems in defining a drying coefficient as a single value parameter are the
manifold dependencies on the sample dimensions as well as on the initial, boundary
and transfer conditions. The discussion on a drying coefficient was initiated in the
frame of a national project1 aiming on hygrothermal material data collection and eval-
uation. Some first ideas were summarized by Krus et al. (2007) relating the duration of
the first drying phase to the square-root of the sample height for an experiment under
defined drying conditions.
Assuming the applied material functions2 represent the material’s drying behaviour
correctly, Krus used one-dimensional simulation studies to investigate the influences
of the drying process. The simulations were started at capillary saturation under con-
stant drying conditions of 50% relative humidity and a temperature of 23°C. For the
vapour transfer, the heat and mass analogy (Lewis-relation) was applied which is given
in eq. (5.28) below. The investigated materials were a lime-sand brick and an aerated
concrete with varying sample heights between 0.07 m and 0.5 m.
Setting all climatic conditions constant, the
only varied parameter was the height of the
simulated specimen. As a criterion for the
drying behaviour, the duration of the first
drying phase was chosen. The obtained
results indicated that this duration shows a
square-root dependence on the sample
height. Therefore, Krus et al. (2007) sug-
gested to define the drying coefficient as the
slope of the linear curve which meets the
data points of the end of the first drying
phase for a material of different sample
heights in a square-root scale of the sample
thickness. Fig. 5.12 displays this relation
schematically following the simulation
results shown by Krus et al. (2007) for the
two materials.

1. The national project MASEA was funded by the German Ministry of Economy and Technology. The project 
aim was to develop a hygrothermal material data base with main emphasis on materials from the building stock. 
It is available under http://www.masea-ensan.de

2. Krus did not specify the applied material model, but it is assumed that he used the material model according 
to Krus & Holm (1999) for his investigations. This model was discussed in detail under paragraph 2.2.1.4 Diffu-
sivity approach according to Krus and Holm.
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Figure 5.12: Duration of the first 
drying phase versus 
square-root of sample 
height.
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Krus et al. (2007) further on discussed the challenge of keeping all external measure-
ment conditions, especially the transfer conditions, constant on the basis of two vari-
ants. The first is the use of an apparatus as developed here, allowing to adjust these
conditions and measure them at the same time. Krus, however, considers this to be too
elaborate. The other variant he suggested was to install a vapour diffusion resistance
at the sample surface to ensure equal conditions for all specimens under normal labo-
ratory conditions. But the square-root of sample height relation could not be achieved
by such a set-up.
Hence, there is still a number of problems remaining in both, measurement and drying
coefficient definition. Krus et al. (2007) suggest to measure the drying behaviour under
any possible conditions which should be preferably known. Then the obtained data
should be applied for the approximation of the moisture transport function to be used
in numerical simulation. The drying coefficient as defined above should then be
derived by the help of numerical simulation of the drying experiment under the
defined and constant conditions. 

5.2.3.2 Discussion on the proposed drying coefficient

The discussion of the proposed drying coefficient starts with an illustration of the pro-
posal to install a vapour retarder at the evaporation surface to keep the transfer condi-
tions constant. Subsequently, results from own studies are presented which show
another dependency between the first drying phase duration and the sample height.
Possible reasons for these deviations will be discussed on the basis of an investigation
of the different influencing parameters. An analytic solution of the drying problem will
finally prove the hypotheses which were already indicated by a systematic simulation
study before some conclusions on the drying coefficient will be drawn.

Mw

t

1st drying phase: 
slope containing information about the transfer conditions

2nd drying phase: 
slope containing information about the material behaviour1st1st

2nd

2nd

Figure 5.13: Illustration of the measurement effect, if the vapour transfer at the drying surface 
would be reduced (case (a)): the drying experiment would reveal almost no 
information about the material behaviour.

(a)(b)
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Drying measurement with an attached vapour retarder

The idea of Krus to attach a vapour retarder to the evaporation surface in order to elim-
inate the influence of the transfer conditions on the drying process is seen counterpro-
ductive. Doing so, the drying rate is extremely slowed down and the first drying phase
is largely extended, as shown in Fig. 5.13. In such case (case (a) in Fig. 5.13), the exper-
iment would not reveal any information about the material behaviour anymore, since
the drying is only limited by the attached vapour retarder. It would not make any dif-
ference whether the drying of a pot of water or of a concrete is measured (if both start
at the same moisture content). For that reason, this idea would turn the whole experi-
ment into absurdity since the reason to perform it is to reveal information about the
moisture transport properties of the material. It is hence not recommended to perform
drying experiments under conditions of strongly reduced vapour transfer. 

Evidence from own studies

Based on the proposed drying coefficient definition, own studies are carried out on an
experimental as well as on a numerical simulation basis. Since the simulations for the
four building materials introduced in Chapter 4 shows the same results as the per-
formed measurements, only a selection of the experimental data will be discussed here.
The experimentally investigated materials are a ceramic brick and a calcium silicate
insulation material. Cylindric specimens are prepared with a diameter of either 53mm
or 88mm. The experiments are carried out with the drying device described under par-
agraph 5.2.2 Drying apparatus - Concept and design above under laboratory conditions of

 and  RH. There, different vapour transfer rates are adjusted which
are summarized in two vapour transfer coefficient groups, indicated in the graphics
with  and . The initial moisture content is adjusted to effective satura-
tion, which is  for the calcium silicate and  for the
ceramic brick. To avoid uncertainties due to material variability, the experiments are
carried out with the large specimens fist. Then these specimens are cut in smaller cyl-
inders that are saturated and dried, again.

Figure 5.14: Duration of the first drying phase for different sample heights. Measured drying 
data of calcium silicate samples with a diameter of 53mm under low and high 
vapour transfer conditions at the drying surface. The data shows a linear 
dependence of the duration of the first drying phase on the sample thickness.

23 1°C± 40 5%±

β small β large
θeff 0.91m3 m3⁄= θeff 0.21m3 m3⁄=
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From the drying curves, the end of the first drying phase is detected by the help of its
first derivative. In Fig. 5.14, 5.15 and 5.16, these times are plotted versus the height of
the investigated specimens in a normal scale (left hand side) and a square-root of
height scale (right hand side). It can be seen that for all varied conditions, a linear
dependence between the end of the first drying phase and the sample height is
obtained. The simulations, which are performed in many variations show the same
dependency. The obtained measurement and simulation results hence reveal a differ-
ent dependency than those reported by Krus et al. (2007). This will be the subject of the
following discussion.

Figure 5.15: Duration of the first drying phase for different sample heights. Measured drying 
data of calcium silicate samples with a diameter of 88mm under low and high 
vapour transfer conditions at the drying surface. This data also shows a linear 
dependence of the duration of the first drying phase on the sample thickness.

Figure 5.16: Duration of the first drying phase for different sample heights. Measured drying 
data of ceramic brick samples with different diameters (d) and under low and 
high vapour transfer conditions (ß) at the drying surface. Sample thickness in 
[mm] at the left and in square root scale [sqrt(mm)] at the right. These measured 
data show a linear dependence of the first drying phase duration on the sample 
thickness, too.
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Discussion of the drying coefficient proposed by Krus

The basis of the investigations performed by Krus are results from numerical simula-
tions of the drying behaviour of two materials. Without further studies on a larger
variety of building materials and without experimental proof, this approach is seen
problematic. It implies that these particular simulations are able to correctly reproduce
all governing processes which occur during the drying and represent the general mate-
rial behaviour at the same time. From the authors point of view, this is not unreserv-
edly valid for a number of simulation aspects:

1. Validity of the heat and mass transfer analogy
2. Quality of material functions used for simulations
3. Lateral heat flux (one-dimensional simulations)
4. Initial moisture content
5. Investigated sample thickness

Special emphasis is placed on the following discussion of these aspects providing a
profound basis for both, the evaluation of the disclosed differences in the dependency
of the first drying phase duration as well as a further judgement of the influences on
the drying process. For the latter one, a summary is given in Tab. 5.1.

1. Validity of the heat and mass
transfer analogy: The vapour transfer
rate has a strong influence on the drying
time as well as on the mean material
moisture content at the end of the first
drying phase. One can see from Fig. 5.17,
that this moisture content decreases with
decreasing vapour transfer rates. Thus,
that the larger the transfer rate, the
higher is the moisture content at the end
of the first drying phase, and the more
information can be revealed concerning
the moisture transport properties of the
material. From the point of view of mate-
rial characterization, a high vapour trans-
fer rate is hence desirable.
To account for the vapour transfer within numerical simulation, two frequently used
options exist. The first is to determine the vapour transfer coefficient  from the meas-
ured drying rate and the boundary and surface temperatures and relative humidities
during the first drying phase, as proposed here. Then, the heat transfer coefficient 
can be adjusted during simulation by following not only the measured drying behav-
iour, but also the measured course of the surface temperature. 
The second option, which is normally applied when no data of the surface temperature
is available, is to use the heat and mass transfer analogy (5.28) to couple both transfer
coefficients and adjust them by numerical simulation according to the drying course.
The relation (5.28), often called Lewis-relation, is derived from the boundary layer the-
ory, as e.g. given by Baehr & Stephan (2003).  is the dimensionless Lewis-number

Figure 5.17: Influence of the vapour 
transfer coefficient  on the 
drying behaviour of the brick.
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which the authors give with  for vapour.  is a dimensionless parameter
given with . 

(5.28)

The Lewis-relation is though strictly valid only under laminar flow conditions at the
surface. Such conditions do not necessarily occur during drying experiments. The com-
parison of measured and simulated surface temperatures during the performed drying
experiments showed that the surface temperature is a very sensitive parameter of the
experiment. For many different measured drying cases it was not possible to follow
both, the moisture content and the surface temperature when the heat and mass trans-
fer analogy (5.28) was applied. Therefore, the first option to adjust both transfer coef-
ficients separately appears to be more reliable when enough data is available. 
Krus used the heat and mass transfer analogy for both, the adjustment of the moisture
transport functions and the subsequent simulation studies. The adjusted transport
function may therefore be subjected to errors as the transfer conditions may not be
applied correctly. However, the overall influence on the drying experiment and its
evaluation is of less importance when using the Lewis-relation since the same assump-
tions are used for any evaluation. 

2. Quality of material functions
used for simulations: The quality of the
applied material functions is an often dis-
puted problem whenever numerical simu-
lations are carried out. Unfortunately,
Krus did not entirely prove the ability of
his adjusted and applied moisture trans-
port function to reproduce the measured
drying course correctly. Due to the chosen
plots, where smoothed curves were used
for the measured data, it is very difficult to
estimate the actual approximation quality.
In Fig. 5.18, an example of the typical devi-
ation between measured and simulated
drying curves is given. The figure was cre-
ated based on those shown by Krus et al.
(2007).
In addition, the conditions, under which
the experiments used to adjust the trans-
port function were carried out, are not
specified. This makes a reproduction most difficult. Finally, the applied material
model itself is not named, but the author considers it to be the one according to Krus &
Holm (1999), here described in paragraph 2.2.1.4 Diffusivity approach according to Krus
and Holm.

Le 0.87= m
m 1 3⁄=

β α
Rv T cp a, ρa⋅ ⋅ ⋅
--------------------------------------- Lem 1–⋅=

Mw

t

measured

Figure 5.18: Quality illustration of the 
adjusted material functions 
used by Krus for his 
investigations. The figure 
shows a qualitative 
comparison as it is to be 
found in Krus et al. (2007).

simulated
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3. Lateral heat flux (one-dimen-
sional simulations): The lateral heat flux
at the drying surface, which will occur
due to the surface cooling, leads to a tem-
perature increase and, thus, increases the
evaporation rate. A thermal insulation
could cushion this problem partly but
would add another unknown variable to
the system. It is therefore recommended
to use cylindric specimen which can be
handled by the numerical simulation pro-
gram by radial symmetry accounting for
the lateral heat flux.
One-dimensional simulations do though
not allow to take the lateral heat flux into
account. As a consequence, the actual sur-
face temperature will be higher in
dependence on the sample diameter than
for the one-dimensional case. Fig. 5.19
illustrates the influence of the lateral heat
flux for samples with a diameter of 5cm
and 10cm and for the one-dimensional
case. The figure shows radial-symmetric
three-dimensional simulation results car-
ried out with the DELPHIN program (Grunewald (1997), Nicolai (2006)) for the brick
introduced in Chapter 4. It is obvious that this influence is significant and needs to be
taken into account. This effect is the more pronounced, the longer the first drying
phase of the material lasts. As the first drying phase is not only dependent on the mois-
ture transport properties of the material but also on the sample height, the influence of
lateral heat transport increases with the sample height. The results shown in Fig. 5.19
belong to specimens with a height of 10cm.
One-dimensional simulations, as done by Krus, disregard this influence. As shown
above, this significantly affects the duration of the first drying phase. When comparing
the end of the first drying phase of one material with different sample heights, this
might be of less importance since the same error occurs for all calculations. For a com-
parison with measured drying data though, as either done for an experimental proof
of the proposed coefficient or done during the approximation of the material functions,
the influence has to be taken into account when further results are not to be subjected
to errors. According to Bednar (2002), a thermal insulation of the material specimen
during the drying experiment reduces this influence and is hence to be preferred in
case no radial symmetric simulation is possible. Generally though, a thermal insulation
introduces another unknown variable to the system.

4. Initial moisture content: The initial moisture content plays an important
role for the drying time, as can be seen in Fig. 5.20 for the building brick introduced in
Chapter 4. The author recommends to start the drying experiment always at effective
saturation, since only in this case different materials can be compared. Starting an
experiment at capillary saturation is seen problematic, see also the discussion in para-
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Figure 5.19: Influence of lateral heat flux on 
the drying behaviour for the 
brick. Simulation results of 
radial-symmetric brick 
samples with diameters of 
5cm, 10cm and infinity (i.e. 
one-dimensional heat and 
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graph 3.1.5 Water uptake experiment and in section Capillary moisture content range of par-
agraph 5.1.2.1 Moisture content regions. Capillary saturation is hardly adjustable. As it
marks a mean moisture content at the moment where the moisture front reaches the
top of the specimen during a water uptake experiment, an equal moisture distribution
will not be obtained. Moreover, for materials which do not strictly follow the square-
root of time behaviour, the capillary moisture content itself is hardly being defined. It
thus can be concluded, that the initial moisture content of the drying experiment is
very important for two reasons, the drying time and the reproducibility of the experi-
ment.
The duration of the first drying phase is
the proposed criterion for the drying
coefficient. For a numerical simulation
study on the drying behaviour, any
clearly defined moisture content would
be suitable. However, when both, simu-
lation and experimental results should be
applicable and - above that - experimen-
tal proof is required, the same initial con-
ditions should be adjustable for both,
simulation and experiment. This is not
the case for the capillary saturation cho-
sen by Krus. The results on which he
based his drying coefficient definition are
hence neither verified experimentally
nor are they meaningful by means of a
real material property since the capillary
saturation is a more or less arbitrary moisture content.

5. Investigated sample thickness: The sample thicknesses which were simu-
lated appear to be another aspect for which the drawn conclusions of Krus may not be
generally valid. As mentioned above, he applied sample heights between 7cm and
50cm for his simulations. For experimental investigations, typical sample heights lie
between 1cm and 10cm depending on the material and its properties. Performing a
drying experiment for a calcium silicate, it is reasonable to use sample heights of up to
10 cm. Due to the high capillary conductivity, such high specimen would reveal more
information about the material properties whereas small specimens would only show
a very short second drying phase. However, for a concrete having a very low capillary
conductivity, such high specimens would require many months to dry which is not
acceptable for a normal material investigation. Sample heights of up to 50 cm are there-
fore not useable at all. Moreover, for many building materials, such heights are not
even available. A material parameter study based on numerical simulation should thus
be related to the laboratory practise.

Reasons for the disclosed differences

Since the influences of the lateral heat flux, the sample diameter and the vapour trans-
fer conditions need to be taken into account when comparing measured and simulated
drying curves, but do not change the general material behaviour, these aspects may be

Figure 5.20: Drying curves of the building 
brick starting from different 
initial moisture contents.
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excluded from the list of possible reasons for the occurred two different dependencies
of the first drying phase duration on the sample height. This leaves the applied mate-
rial functions, the initial moisture content and the sample height itself on the list.
The approximation quality of the material functions is crucial for any calculation
where the results need to be correct. The general material behaviour though does not
change when the quality is not very high. Simulations with a stepwise increased or
decreased liquid water conductivity (for both, the whole function or only for the lower
moisture content range) yield different results but do still show a linear dependence
between first drying phase duration and sample height. Therefore, the approximation
quality may also be excluded from the list of possible reasons.
The end of the first drying phase is characterized by the deviation of the drying rate
from an almost linear behaviour. This is due to the fact that at a certain moment the
moisture transport properties of the material are not anymore able to conduct as much
moisture to the surface as could evaporate there due to the transfer conditions. Inside
the material, the end of the first drying phase coincides with the formation of a distinct
moisture profile. While a developing moisture profile is quickly equilibrated during
the first drying phase due to the moisture transport properties, this is not the case
within the second drying phase anymore. 
This leads to the question, whether the calculated moisture profiles do influence the
results or not. Since the model applied by Krus is based on the diffusion equation (2.16),
whereas the model applied here uses the Richards-equation (2.15) with (2.2), the calcu-
lated moisture profiles may be different depending on the moisture storage function.
A comparison of moisture profiles calculated with both approaches for the drying of
the aerated concrete introduced in Chapter 4 is given in Fig. 5.21 showing significant
differences. However, although also the corresponding drying curves are slightly dif-
ferent, the general dependency is the same for both approaches. Different transport
equations therefore yield different moisture profiles but do not explain the different
obtained relations of first drying phase duration and sample height.
Finally, the initial moisture content and the chosen height of the material specimens
may be responsible for the observed differences. Further simulations were performed

Figure 5.21: Moisture profiles of aerated concrete during a simulated drying process using 
the diffusion equation (left) and the Richards-equation (right).
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investigating different initial moisture contents and different sample heights for the
four building materials. For the aerated concrete with an initial moisture content of

, the results are displayed in Fig. 5.22. Under these conditions, the
first drying phase duration deviates from a linear dependence on the sample height.
For specimens higher than a certain level, the first drying phase becomes even inde-
pendent on the height. When starting with an increased moisture content, e.g. with

, this kind of behaviour moves to increased sample heights whereas
for small heights a linear dependency appears.
With these findings, the square-root dependence of the first drying phase duration,
which was observed by Krus, can be explained with the development of a distinct
moisture profile inside the material and with the initial conditions as well as the sam-
ple heights that were chosen for the calculations. The moisture propagation inside a

θinit 0.15m3 m3⁄=

θinit 0.18m3 m3⁄=

Figure 5.22: Calculated first drying phase duration of aerated concrete versus specimen 
height in normal (left) and square-root scale (right). The simulations were 
started at a moisture content of 0.15m³/m³.

almost linear
behaviour in

constant, i.e.,
independent on height

square-root scale

Figure 5.23: Calculated first drying phase duration of aerated concrete versus specimen 
height in normal (left) and square-root scale (right). The simulations were 
started at a moisture content of 0.22m³/m³.
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material is dependent on the square-root of time as normally witnessed during a water
absorption experiment. The development of a moisture profile may hence also depend
on the square-root of time. In the beginning of a drying process, no distinct moisture
profile develops until a certain level of moisture content and coinciding moisture
transport properties is reached. Then, a distinct moisture profile forms. When the ini-
tial conditions of a drying process are close to those at which the moisture profile
forms, the duration of the first drying phase is mainly influenced by the development
of the moisture profile. Slightly higher initial moisture contents extent the first drying
phase duration in dependence to the sample height. The material behaviour observed
from the simulations performed by Krus are therefore seen as a combination of some-
what higher initial moisture contents compared with the one at which the moisture
profile develops and the selection of sample heights. Fig. 5.23 strengthens this hypoth-
esis where simulation results are shown for the aerated concrete starting at an initial
moisture content of  and for extended sample heights. The quality of
the linear dependence shown in the right figure corresponds with the one published
by Krus et al. (2007).

Analytic solution of the drying problem

For additional proof, the drying problem was solved analytically by the help of the dif-
fusion equation. Depending on the initial and the boundary conditions, there exists a
large number of analytic solutions for the differential equation for heat transport, and
due to the analogy with the diffusion, also for the diffusion equation. This equation, a
combination of Fick’s first law (2.8) and the mass conservation balance equation (2.2),
can be written according to eq. (5.29) implying that  is independent of .

(5.29)

It is assumed that the water diffusivity of the material is , i.e., independent
of  and , and that the material forms a plate of unlimited extension except for its
thickness in direction of . The thickness is  where  in the middle of the plate.
The plate has the initial moisture content of  and the constant boundary
condition of . The whole configuration is shown in Fig. 5.24.
According to Tautz (1971), Baehr & Stephan (2003) and Häupl (2007a), the following solu-
tions of eq. (5.29) can be found: eq. (5.30) for small times and eq. (5.31) for large times.
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Figure 5.24: System configuration for the analytic solution of the drying problem.
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(5.30)

with     

(5.31)

For , a graphical illustration of these solutions is displayed in Fig. 5.25. For this
as well as for the following evaluation of these equations, the water diffusivity was set
to , the boundary water flux to  and the
initial moisture content to . If one now defines a criterion for the end of the first
drying phase, for instance the moment when the moisture content at the boundary
becomes zero,  can be evaluated for varying  at  yielding the boundary
moisture content in dependence of .
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Figure 5.25: Analytic solution of the drying problem with a constant boundary water flux 
according to eq. (5.30) for small times (left) and eq. (5.31) for large times (right).
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For values of , the moisture content at  versus time is shown in
Fig. 5.26 at the left hand side. A linear increase in  was chosen for this plot. With
increasing , the difference in the moisture content at the edge of the plate is decreas-
ing until a certain threshold is reached, where the moisture content at the boundary
becomes independent of the sample height. The right chart in Fig. 5.26 shows this even
more pronounced. There, the time when the moisture content at the boundary equals
zero was plotted versus the specimen height (data points). For small heights, a linear
dependence is observed. With increasing heights, the dependence becomes smaller
and vanishes completely for heights above a certain threshold. This threshold is
dependent on the material properties as well as on the initial and boundary conditions.
The continuous line in this chart is a linear combination of the  function given in
eq. (5.30) which is adjusted to the data points to give an idea of the functional relation
for the observed behaviour.
It is obvious that the analytic solution proves the material behaviour which was
already observed during previous simulations, compare Fig. 5.22 and Fig. 5.26 (right).
A simple relation between the first drying phase duration and the specimen height,
neither a linear, nor a square-root dependency, does thus not generally exist. Accord-
ing to the results presented here, the simulations on which Krus based his proposal
represented only a special frame of combinations of material properties, boundary
conditions and initial conditions. Within this frame, a non-linear relation is obtained.
Above it, the first drying phase duration is independent of the specimen height and
below it, a linear relation exists. Hence, it can be concluded, that the drying coefficient
definition proposed by Krus et al. (2007) is not suitable to represent the drying behav-
iour of a building material and is, thus, as a drying coefficient not expedient.

Figure 5.26: Analytic solution of the drying problem: boundary moisture content versus 
time for different specimen heights (left) and first drying phase duration versus 
specimen height (right).
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5.2.3.3 Concluding the drying coefficient

Two ways to standardize drying data are presented. The first is an attempt to describe
the drying course by an analytic expression as a combination of a linear and an expo-
nential function. The flexibility of such an expression is though not high enough to rep-
resent the measured drying data adequately. Therefore, the attempt is abandoned. The
second way is the definition of a single value drying coefficient proposed by Krus et al.
(2007) as the slope of the assumed square-root dependence of first drying phase dura-
tion versus specimen height.
The parameters influencing the drying process are investigated by a comprehensive
simulation study. On that bases, the influences are evaluated for their consideration
during drying measurement and simulation, which is summarized in Tab. 5.1. Subse-
quently, it is proven by experimental data, by numerical simulation and by an analytic
solution of the diffusion equation for the drying problem, that a distinct or unique rela-
tion between the sample height and the first drying phase duration does not exist. It
can be concluded, that the drying coefficient based on the definition of Krus et al. (2007)
is not expedient.

Table 5.1:  Parameters influencing the drying process.

Parameter Influence Significance
Material properties, 
especially the water 
transport function

strong influence on the drying, 
responsible for the first drying phase 
duration as well as for the drying 
course of the second drying phase

very significant, the actual reason 
why drying experiments are per-
formed

Boundary tempera-
ture and relative 
humidity

influence on the vapour pressure dif-
ference and hence on the evaporation 
rate

significant during the first drying 
phase, important parameter of the 
drying process which needs to be 
monitored

Surface temperature determines the vapour pressure at the 
surface and by this the evaporation 
rate, 
very sensitive parameter of the dry-
ing process

When measured, the surface tempera-
ture can be used to calculate the 
vapour transfer coefficient and to 
determine the end of the first drying 
phase

Air flow velocity 
(vapour transfer
conditions)

influence on the evaporation rate, 
limiting factor during the first drying 
phase

very important parameter of the first 
drying phase, should be kept con-
stant, can be determined indirectly

Initial moisture 
content

influences the duration of the whole 
drying process

very important parameter, especially 
concerning reproducibility and com-
parability, should be always adjusted 
to effective saturation.

Sample diameter / 
lateral heat flux

influences the surface temperature 
and by this the evaporation rate

Important when comparing measured 
and simulated material behaviour, 
should be therefore consistent, is in 
general of less significance

Sample height influences the duration of the drying 
process

very important parameter of the dry-
ing process
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Still, the general attempt to define a single value drying parameter is considered to be
important for a broad acceptance, especially in building practise. Therefore, further
approaches should be developed on the basis of the recent results. Due to the numer-
ous dependencies, the idea to use the numerical simulation for relating the drying coef-
ficient to standard conditions is seen as the most meaningful opportunity. The
influence of the boundary conditions, the transfer conditions and the sample diameter
can be eliminated leaving only the sample height, the initial moisture content and the
material properties itself to be combined within one parameter. The author’s proposal
on such a drying parameter is, hence, to relate the duration of the whole drying process
to the sample height and the open porosity or effective saturation. However, this is not
tested, yet, and requires further research studies.

5.2.4 Conclusions on the drying experiment

The drying process is influenced by the liquid transport properties of a mate-
rial within the lower overhygroscopic moisture range. The drying experiment is thus
very suitable to gain information about these material properties. For that reason, the
drying process is introduced and examined with regard to its governing influences. In
particular, the drying process is strongly influenced by the boundary and the transfer
conditions which have to be monitored in order to correctly evaluate and interpret the
drying data. Based on this examination, an apparatus has been developed, designed
and built to measure the drying behaviour of building materials under defined and
reproducible conditions.
In a second step, recent attempts to standardize drying data are evaluated and dis-
cussed. Special emphasis is placed on the definition of a single value drying coefficient
which should be able to give a general measure of the material’s drying behaviour. The
definition found in literature which relates the first drying phase duration to the sam-
ple height can not be approved by own experimental as well as simulation studies.
Subsequent investigations indicate that such a general dependency does not exist
which is finally proved by an analytic solution of the drying problem. The proposed
definition is considered to be not expedient. An overview on the influences on the dry-
ing experiment is given and further ideas on a single value drying coefficient are
drawn leaving their investigation to be subject of further research.
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5.3 Instantaneous profile measurements

Hygrothermal material model validation requires data from a series of exper-
iments which are not used as input to the model. For that reason, instantaneous profile
measurements are performed for the four building materials introduced in Chapter 4.
For both, the hygroscopic and the overhygroscopic moisture content range, a special
measurement procedure is developed. Starting from the principle set-up according to
Plagge (1991) and Plagge et al. (2006a), special devices are designed to apply the differ-
ent boundary conditions in a defined way. Within both moisture content ranges, a
series of ad- and desorption cycles is performed. The particular chronology of applied
boundary conditions is established by the help of a simulation study.
The following two paragraphs will introduce these particular set-ups including the
measurement schedule for both moisture content ranges, respectively. The subsequent
paragraph is dedicated to the evaluation of TDR data. Since the output quantity of a
TDR measurement is the apparent dielectric constant versus time, these data have to
be recalculated into moisture contents. Different available approaches will be intro-
duced and evaluated with respect to their input data requirements and their accuracy.
Finally, conclusions on the instantaneous profile measurements will be drawn.

5.3.1 Measurement set-up for the hygroscopic moisture range

For the hygroscopic moisture content range, time domain reflectometry (TDR)
sensors are applied to measure the moisture content whereas the moisture potential is
measured with coupled temperature - relative humidity sensors. A brief introduction
of these sensors is given in paragraph 3.2.2 Sensor technology.
The material samples with a length and a height of 10cm each and a depth of 5cm are
laterally sealed with epoxy and perspex plates. Into the plates, holes are drilled and
threads are cut for a precise sensor installation and fixation. The top of the specimens
is sealed with an adhesive aluminium foil whereas the bottom side is left open for the
boundary conditions. Since air pressure build-up significantly influences the water
transport behaviour of a building material, as proven e.g. by Descamps (1997), the alu-
minium foil is perforated with a needle in order to maintain a pressure equilibration
with the environment. The prepared and preconditioned material specimens are
placed on specially designed containers for the exposure to the boundary conditions.
These containers have an opening at the top side with the same dimensions as the
material samples, on which these are sealed. Inside the container, a vessel with varying
aqueous salt solutions is placed to adjust constant boundary conditions. The containers
have an opening at the front side, through which the vessel can be removed for moni-
toring the absorbed or released moisture mass or for a change in boundary condition.
A small outlet at the top side enables the installation of a temperature - relative humid-
ity sensor inside the container to monitor these applied conditions. Fig. 5.28 shows a
picture of the measurement set-up for the hygroscopic moisture content range as it is
constructed.
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The sealed samples are preconditioned under laboratory conditions, i.e., at 23°C and
50% relative humidity for a duration of several weeks. After the installation, the con-
tainers with the material samples are placed inside a climatic chamber to guarantee a
constant temperature of 20°C for the whole experiment. The measurement schedule is
designed in two cycles of adsorption and desorption processes scanning the whole
hygroscopic moisture content range. The schedule is shown in Tab. 5.2. For the hygro-
scopic moisture range, it is decided to have only one measurement schedule for all
investigated materials. Measurement values were taken every 15 minutes for the tem-
perature - relative humidity sensors and every 30 minutes for the TDR sensors.

Table 5.2:  Schedule of boundary conditions for the instantaneous profile measurement 
experiments within the hygroscopic moisture content range.

Measurement step Duration Relative humidity Salt-solution
initial equilibration 14 d 32.9 % MgCl2
stepwise increase (1) 14 d 58.2 % NaBr
stepwise increase (2) 14 d 84.7 % KCl
stepwise increase (3) 14 d 97.4 % K2SO4

stepwise decrease (1) 14 d 84.7 % KCl
stepwise decrease (2) 14 d 58.2 % NaBr
stepwise decrease (3) 21 d 32.9 % MgCl2
large step increase 35 d 97.4 % K2SO4

large step decrease 35 d 32.9 % MgCl2

Figure 5.27: IPM set-up for the hygroscopic moisture content range.
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5.3.2 Measurement set-up for the overhygroscopic moisture range

The installed TDR sensors are also used to measure the moisture content
within the overhygroscopic range. The moisture potential can not be measured by rel-
ative humidity sensors in this moisture range. Two general options are possible: min-
iaturized tensiometers or psychrometers, as introduced in paragraph 3.2.2 Sensor
technology. Tensiometers can only be used for capillary pressure measurement in a
range of 0 to 0.095 MPa. A measurement cycle scanning the whole moisture content
range from dry to wet and back is hence not possible with tensiometers. And since psy-
chrometer sensors are not available for this study, the overhygroscopic experiments
are conducted with the installed TDR sensors, only. Values were generally measured
with an interval of 30 minutes.
The planned measurement procedure consists of three types of boundary conditions
which are applied to the open surface of the material specimens. These are:

• no-pressure water contact - water uptake experiment,
• vapour transfer - drying experiment,
• no flow - distribution.

Figure 5.28: Picture of the IPM set-up for the hygroscopic moisture content range.
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For the water contact and the vapour transfer boundary conditions, corresponding set-
ups are designed according to Fig. 5.29. For the water contact, this is a water-filled ves-
sel with a special insert on which the material sample can be placed. The water level is
adjusted according to the height of the insert enabling an almost no-pressure boundary
condition, and the water temperature is measured. For the vapour transfer boundary
condition, a small and simplified drying device has been developed. It consists of a
small flow channel with the same width as the material specimens (i.e., 10cm). The
inflow is controlled with two ventilators. The boundary conditions of such a drying is
measured with a coupled temperature and relative humidity sensor. For the surface
temperature measurement, a small temperature probe is attached to the evaporation
surface. In Fig. 5.30, two pictures of these set-ups are shown. The no-flow boundary
condition is provided by sealing the open side of the specimens with an adhesive alu-
minium foil. For the next measurement step, this foil is removed again.
The vapour transfer coefficient has been determined in advance. For that purpose, sat-
urated sample duplicates are dried with this equipment for each material. The air flow
velocity is adjusted, boundary temperature, boundary relative humidity and surface
temperature are measured and the gravimetrically derived vapour transfer flow can be
related to these conditions according to eq. (5.25). For the actual measurements, the

Figure 5.29: Designed set-up for water uptake (left) and drying (right) for the instantaneous 
profile measurements within the overhygroscopic moisture content range.
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Figure 5.30: Pictures of the developed IPM set-up for the overhygroscopic moisture range: 
water uptake (left) and drying (right).
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same air flow velocity is adjusted providing approximately the same vapour transfer
conditions as for the tested cases. 

The measurement schedule is adjusted by the assistance of a simulation study and
according to the moisture transport properties of the examined materials. In conse-
quence, two different time schedules are developed which are listed in Tab. 5.3. As the
building brick and the calcium silicate have a rather high liquid water conductivity, the
scheduled times for each boundary condition are relatively short, see the left side of
Tab. 5.3. The right schedule, adjusted for the aerated concrete and the lime-sand brick
whose liquid water conductivities are of a lower order of magnitude, provides there-
fore significantly longer time intervals for each boundary condition. Before the exper-
iments start, all specimens were preconditioned at laboratory conditions for several
weeks.

5.3.3 TDR calibration and data evaluation

As already indicated in paragraph 3.2.2.1 Moisture content measurement, the
measurement with the time domain reflectometry technology requires both, a system
calibration and a special measurement data evaluation. The following section will
briefly highlight the background and the procedure of TDR calibration. Subsequently,
different models to derive the moisture content from the measured dielectric proper-
ties will be introduced and discussed.

5.3.3.1 TDR system configuration and calibration

The actually measured quantity of a TDR probe is the propagation time of an electro-
magnetic pulse. Inside a medium, part of this pulse is reflected depending on the die-
lectric properties of the medium. For most building materials, the dielectric properties
are significantly influenced by the moisture content, which is the reason why the TDR
technology can be used for its measurement. However, the reflected signal of the elec-
tromagnetic pulse is also dependent on the whole system configuration since any
impedance change, e.g. at the cable connection, causes a reflection.

Table 5.3:  Boundary condition schedule for the overhygroscopic IPM experiments, brick and 
calcium silicate at the left and aerated concrete and lime-sand brick at the right.

Boundary condition Duration Boundary condition Duration
water contact - water uptake 15 min water contact - water uptake 15 h
no-flow - distribution 7 d no-flow - distribution 14 d
vapour transfer - drying 7 d vapour transfer - drying 21 d
water contact - water uptake 15 min water contact - water uptake 15 h
no-flow - distribution 14 d no-flow - distribution 14 d
water contact - water uptake 15 min water contact - water uptake 15 h
no-flow - distribution 14 d no-flow - distribution 27 d
vapour transfer - drying 33 d vapour transfer - drying 100 d



Development and Utilisation

130 Gregor A. Scheffler

It is hence important, that only that part of the
reflected signal is evaluated, which belongs to the
propagation within the TDR probe. As this propaga-
tion does depend on both, the system configuration
and the geometry of the TDR probe, a calibration is
required once the measurement configuration has
been installed. 
For the calibration, the measured signal is evaluated
for two defined media, one with a low and one with
a high dielectric constant . It is recommended to use
two liquids since there an optimal contact with the
TDR probe can be achieved, see Fig. 5.31. Thus, for a
high dielectric constant, distilled water was chosen
with . For a low dielectric constant,
benzene with  was used. Both -values
were given by Weast (1979) for a reference tempera-
ture of 20°C. The calibration data, i.e., the time inter-
val which is evaluated for the actual measurement, is
stored in a data file for each probe which is read
whenever the probe is called.
This briefly sketched calibration procedure ensures
that the propagation time of the electromagnetic
pulse is evaluated only for the length of the TDR
probe enabling a precise measurement of the apparent dielectric constant  of the
medium in which the probe was installed. How the moisture content can be derived
from this apparent dielectric constant is subject of the next section. For a more detailed
elaboration on the method of time domain reflectometry, the reader may be referred to
Plagge (2003) and Sobczuk & Plagge (2007).

5.3.3.2 TDR data evaluation

The interpreted propagation time of the electromagnetic pulse delivers the actual out-
put quantity of the TDR measurement, the apparent dielectric constant . The appar-
ent dielectric constant comprises the dielectric properties of the solid, the liquid and
the gaseous phase of the medium where the TDR probe is installed in. Due to the high
dielectric constant of water,  is a distinct function of the moisture content. For the
relation between moisture content and apparent dielectric constant , a number of
different approaches can be found in literature. They can be divided into two classes.
The first class provides functional relationships with enough flexibility to fit the meas-
ured data points, but without a particular physical meaning. They are regarded as
empirical models with a varying number of adjustable fitting parameters. Approaches
of the second class are derived from dielectric mixing models, which relate the appar-
ent dielectric constant of a medium to the volume fractions and dielectric constants of
its constituents. They differ by the implied geometrical assumptions and the number
of considered constituents.
For the present TDR data evaluation, one empirical, two semi-empirical and one pure
dielectric mixing models were implemented. The choice was made with respect to the
different input data requirements as well as to their flexibility providing the basis for

Figure 5.31: TDR calibration 
with distilled 
water.
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a broad range of application cases. These models will be briefly introduced and dis-
cussed within the following paragraphs.

Empirical approach

There exists a large number of different mathematical expressions which are suitable
to describe the moisture content - apparent dielectric constant relation. Plagge (2003)
and Sobczuk & Plagge (2007) specify different own approaches as well as some found in
literature. Frequently, these expressions are adjusted for a special type of soil or mate-
rial enabling their application without a distinct knowledge of the particular material
as it is often the case for field studies in soil physics.
A more general functional description which also contains the bulk density  of the
investigated material is given by Malicki et al. (1994) according to eq. (5.32). It is sup-
posed applicable for both, mineral and organic soils and materials.

(5.32)

In case no reference data is available and the information about the investigated mate-
rial is very limited, the given approach provides a simple and useful relation for the
evaluation of measured TDR data. However, its flexibility is very limited as no further
adjustment is possible. It is therefore recommended to apply one of the following
mixed-dielectric approaches in case more input data is available.

Dielectric mixing approaches

The first model introduced here traces back to the modelling works of De Loor (1965)
and De Loor (1968), who developed a mixed-component approach to describe the mac-
roscopic dielectric behaviour of soils. He treats the solid material matrix as granules of
a distinct shape, in which the other components are embedded in a random but ori-
ented way. This approach has been further developed by Dobson et al. (1985) who
assume these inclusions to be disc-shaped, yielding eq. (5.33). There, the apparent die-
lectric constant  is related to the dielectric constants of the solid material matrix ,
the gaseous phase , and the liquid phase divided in free water  and bound water

 depending on the porosity  and the volume fractions of bound and total mois-
ture  and . To express the moisture content  in dependence on , eq. (5.33) is
rearranged to eq. (5.34).
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(5.34)

with  

This four-component mixing model allows to express the relation of the dielectric
properties in a porous medium on a physical basis. No further adjustable parameter
and thus no special reference data is required. Only the porous medium itself has to be
known very well since not only the dielectric constant of its solid matrix, but also the
porosity and the fraction of the bound water are required. 
As bound water, normally the first one or two molecular water layers are regarded,
which are absorbed at the inner surfaces of the material. Since the inner binding forces
are very strong, these first absorbed water layers exhibit explicitly different dielectric
properties than free water. The inner surface area is therefore another required input
parameter. Its determination will be elaborated within the next section subsequent to
the mixed-dielectric approaches.
On the other hand, the model does not possess a high flexibility. If measured reference
data on the relation of apparent dielectric constant and moisture content is available,
there exists no further adjustment option. The approach is appropriate when a model
with a physical basis should be applied (especially for clayey soils for which the model
was derived), the porous material is well known and no further reference data is avail-
able. If reference data is available, the application of one of the following semi-empir-
ical models is recommended due to their enlarged flexibility.
These semi-empirical dielectric mixing models are also based on the approach to relate
the apparent dielectric constant of a medium to the dielectric numbers of its constitu-
ents and their corresponding volume fractions. Different assumptions about the geo-
metrical arrangement of the constituents lead to different relations, as e.g. summarized
by Tinga et al. (1973). For a layered system of two phases, Brown (1956) formulates a
simple relation in dependence on the orientation within the electric field. A general-
ized and extended form of this relation is given by Roth et al. (1990) for a three-phase
system according to eq. (5.35).

(5.35)

(5.36)

θl εa( )

3 εm εa–( ) θbwXbw θpor εa
εm
εbw
-------- 1–
⎝ ⎠
⎜ ⎟
⎛ ⎞

2 εg εm–( )–⋅–+

εa
εm
εl
------ 1–
⎝ ⎠
⎜ ⎟
⎛ ⎞

2 εl εm–( )– εa
εm
εbw
-------- 1–
⎝ ⎠
⎜ ⎟
⎛ ⎞

2 εg εm–( )+–

-------------------------------------------------------------------------------------------------------------------------------------------=

Xbw 2 εbw εm–( ) εa
εm
εbw
-------- 1–
⎝ ⎠
⎜ ⎟
⎛ ⎞

– εa
εm
εl
------ 1–
⎝ ⎠
⎜ ⎟
⎛ ⎞

2 εl εm–( )–+=

εa θlεl
η3 1 θpor–( )εm

η3 θpor θl–( )εg
η3+ +

1
η3
------

=

θl εa( )
εa
η3 1 θpor–( )εm

η3 θporεg
η3––

εl
η3 εg

η3–
------------------------------------------------------------------------=



Instantaneous profile measurements

133Validation of hygrothgermal material modelling under consideration of the hysteresis of moisture storage

The parameter  accounts for the orientation of the layered system. Brown (1956)
specifies  if the electric field is parallel to the layering and  if the field
is perpendicular to the layering. According to Birchak et al. (1974),  for an iso-
tropic medium. Dobson et al. (1985), however, who extended the approach to four
phases, as given in eq. (5.37), found  for different soil types.

(5.37)

(5.38)

Therefore,  is regarded as a fitting parameter of the semi-empirical model here. The
rearrangement of both forms yields eq. (5.36) and (5.38), respectively. They have to be
adjusted to measured reference data, where the given values are used as initial esti-
mates. 
The semi-empirical mixing model in the form of either eq. (5.35) or eq. (5.37) is a very
flexible approach. It can be adjusted specifically to the investigated material. In case
enough material information is provided and reference data for the moisture content -
apparent dielectric constant relation is available, this model yields the best approxima-
tion. The four-phase approach of eq. (5.37) and (5.38) is therefore applied for the eval-
uation of the TDR data obtained from the IPM measurements.

Bound water fraction and inner surface area

Two of the dielectric mixing models distinguish between free and bound water ena-
bling to account for the different dielectric behaviour of water molecules which are
bound to surfaces or in chemical structures. The following digression appears there-
fore appropriate to disclose a way how the bound water fraction can be related to the
inner surface area and how this inner surface area can be determined from vapour
adsorption data.
Water molecules which are not totally flexible under an external force, as e.g. an elec-
tric field, exhibit a different dielectric behaviour. They are therefore regarded as bound
water. Typical examples are water molecules which are chemically bound, as it is the
case during hydration processes, or the first few water molecules which are absorbed
due to Van-der-Waals forces at hydrophilic material surfaces. A practical approach to
account for the bound water fraction  during TDR data evaluation is to regard it as
an adjustable number of molecular layers of water  which are absorbed at the inner
material surfaces according to eq. (5.39). The inner surface area  of the material must
hence be known for that purpose. The monolayer thickness of water molecules is given
with .

(5.39)

η3
η3 1= η3 1–=

η3 0.5=

η4 0.65=

εa θl θbw–( )εl
η4 θbwεbw

η4 1 θpor–( )+ εm
η4 θpor θl–( )εg

η4+ +

1
η4
------

=

θl εa( )
εa
η4 θbwεl

ηp θbwεbw
η4– 1 θpor–( )εm

η4 θporεg
η4––+

εl
η4 εg

η4–
------------------------------------------------------------------------------------------------------------------------=

η

θbw
nmlw

Ais

δH2O 3.04 10 10– m⋅=

θbw nmlw δH2O Ais⋅ ⋅=



Development and Utilisation

134 Gregor A. Scheffler

The inner surface area can be determined with nitrogen adsorption experiments,
which require special equipment. However, for the present study, measured water
adsorption isotherms are available. It is therefore self suggested to use this data to
determine the inner surface area. Three models are found in literature which are eval-
uated for this purpose. One is the well-known BET method according to Brunauer et al.
(1938), which has been standardized for inner surface area measurement in DIN ISO
9277. The other two methods have been developed by Adolphs (1994). They will be
sketched as follows.
The principle idea is to relate the adsorbed particle number to the energy status of the
material which is typically described by the relative pressure . As the relevant
binding forces, i.e., Van-der-Waals forces, decrease strongly with increasing inner sur-
face area occupation by the adsorbate, a complete monolayer will establish before the
molecules start to adsorb in a second or a third layer. This fact is used to determine the
inner surface area of a material by adsorption measurements within a certain range of

.

BET-method according to Brunauer et al. (1938)

According to the BET-method, the adsorbed particle number  follows a linear rela-
tion to the relative pressure in the range between . 

(5.40)

With a linear regression to measured adsorption data in this range, the unknown
parameters  and  of eq. (5.40) can be determined, see Fig. 5.32 at the left. Then,
the inner surface area can be derived with the knowledge of the monolayer capacity

 and the area requirements of an adsorbed molecule  according to eq. (5.41).
There,  is the Avogadro constant and  is the density ratio
of adsorbate and adsorbent agent. For water, the required area of one molecule is given
with . 

(5.41)

Gibbs free energy methods according to Adolphs (1994)

Basis of the methods developed by Adolphs (1994) and Adolphs & Setzer (1996) is the
Gibbs free energy . The finite change in free energy is related to the chem-
ical potential  and to the number of adsorbed particles  according to eq. (5.42). The
change in chemical potential  is expressed in relation to the relative pressure 
following eq. (5.43) under the assumption of an ideal gas.

change in free enthalpy (5.42)

change in chemical potential (5.43)

p p0⁄

p p0⁄

nads
p p0⁄ 0.05…0.30=

p p0⁄

nads 1 p p0⁄–( )
------------------------------------- 1

nmonoCBET
---------------------------

CBET 1–
nmonoCBET
--------------------------- p p0⁄⋅+=

CBET nmono

nmono Amol
NA 6.022 1023mol 1–⋅= ρads ρmat⁄

Amol H2O, 10.6 10 20– m2⋅=

Ais nmono NA Amol
ρads
ρmat
-----------⋅ ⋅ ⋅=

G H TS–=
μ nads

μΔ p p0⁄

GΔ nads μΔ⋅=

μΔ R T p p0⁄( )ln⋅ ⋅=



Instantaneous profile measurements

135Validation of hygrothgermal material modelling under consideration of the hysteresis of moisture storage

The change of free energy is dependent on the number of adsorbed particles as well as
on the interaction between adsorbent and adsorbate. With increasing number of
adsorbed particles, this interaction will increase. When the first molecular layer is com-
pleted though, the particles of a second layer will mainly interact with the particles of
the first layer, and so on. The interaction with the adsorbent will hence become weaker.
Since thermodynamic systems tend to reach the lowest level of free energy, the mono
layer will be completed first before a second molecular layer will be adsorbed. The
change in the Gibbs free energy possesses therefore a minimum at the monolayer
capacity. 
Adolphs uses this fact to determine the monolayer capacity. He called it Gibbs Mini-
mum Method (GMM). According to this method, the Gibbs free energy1 is plotted ver-
sus the number of adsorbed particles. At the position where , the mono layer
capacity  can be determined. An illustration of this method is given in Fig. 5.32 in
the middle. With the monolayer capacity, the inner surface area can be calculated again
applying eq. (5.41).
If, as shown by Adolphs (1994), the monolayer capacity is to be found at the minimum
of the Gibbs free energy, the total derivative of  must disappear, yielding eq. (5.44).
After integration and rearrangement into a linearized form, eq. (5.45) can be written as
the basis if the second method which is called Gibbs integral method (GIM) by Adolphs
(1994).

(5.44)

(5.45)

1. In Adolphs (1994),  is called Gibbs free energy, whereas in Adolphs & Setzer (1996) the term excess 
surface work with the symbol  is used. Since both methods are related to the Gibbs free energy also 
by their name, it was stuck to this previous naming here.
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Figure 5.32: Illustration of the monolayer capacity determination according to the three 
introduced methods: BET method (left), GMM (middle) and GIM (right). The 
figures follow the illustrations of Adolphs (1994).
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If  is plotted versus  according to eq. (5.45), one can see that the monolayer
capacity  can be determined from the reciprocal of the slope, and  from the
intersection with the ordinate, see also Fig. 5.32 at the right.  is called the onset
potential, as it is the minimum potential for adsorption processes to occur.
The main advantage of the two methods developed by Adolphs (1994) is their validity
and applicability for a largely extended relative pressure range. In Adolphs & Setzer
(1996) an example is given with almost perfect agreement in a range of 
between measured and calculated adsorption data. The methods GMM and GIM are
therefore particularly suitable for the inner surface area determination in the present
case, where only limited vapour adsorption data is available and where the application
of the BET-method is often not appropriate due to the limited relative pressure range.
For the TDR data evaluation, a computer program has been developed allowing to
chose between the introduced models, i.e. the empirical approach according to Malicki
et al. (1994), the two semi-empirical models according to Tinga et al. (1973), Birchak et al.
(1974) and Roth et al. (1990) and the dielectric mixing model according to De Loor (1968)
and Dobson et al. (1985). To account for the fraction of bound water exhibiting signifi-
cantly different dielectric properties than free water, the introduced approaches to
determine the inner surface are from measured adsorption data are also implemented.
The program as well as the particular steps of data evaluation will be introduced in
paragraph 6.3 Implementation of TDR data evaluation.

5.3.4 Conclusions on instantaneous profile measurements

For the four building materials introduced in Chapter 4, instantaneous profile
measurements are performed. The developed measurement cycles consisting of a
series of ad- and desorption processes, as well as the designed devices for a defined
application of all scheduled boundary conditions are introduced for both, the hygro-
scopic and the overhygroscopic moisture content range. The moisture content is gen-
erally measured by the help of TDR probes. The moisture potential is measured by
coupled relative humidity and temperature sensors within the hygroscopic moisture
range. In the overhygroscopic moisture range, no moisture potential is measured.
The moisture content measurement with the TDR technology requires special proce-
dures for both, calibration and data evaluation. The performed calibration of the meas-
urement system configuration is explained. Subsequently, four approaches to derive
the moisture content from the output quantity of the TDR measurement, the apparent
dielectric constant, are introduced. Since two of these approaches allow to account for
the bound water content, a short digression on its determination is added relating the
bound water fraction to the first few molecular water layers which are adsorbed at the
inner surface area of a material. This inner surface area can be determined from
adsorption measurements by different methods, that are also introduced.

μΔln nads
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μ0Δ
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5.4 Concluding Developments and Utilisation

Combined with a stringent assessment of the methods found, the require-
ments on an improved material model have been formulated. A material model meet-
ing these defined requirements is successfully developed and introduced. It consists of
a functional description of moisture storage to be adjusted to measured sorption and
retention data and a procedure how to derive the transport function from this pore
structure related data. The definitions of liquid water conductivity and vapour diffu-
sivity possess enough flexibility to be calibrated on the basis of different moisture
transport experiments. The proposed model therefore forms the basis of the investiga-
tions reported in the following chapters.
Methodological developments are accomplished for the drying experiment, where the
influencing parameters are studied and assessed first. This is summarized in Tab. 5.1.
A special device is developed and presented enabling drying measurement under
defined and reproducible conditions which is a key issue if using its data for calibra-
tion of hygrothermal material modelling. Finally, an attempt to define a single value
drying coefficient found in literature is introduced. On the basis of a comprehensive
measurement and simulation study, however, this definition is challenged and ulti-
mately disproved by an analytic solution of the drying problem. The drying experi-
ment has thus become more clear and more defined. A deep insight is given and many
questions are answered, although there is still a need for further investigations, espe-
cially regarding the derivation of a simple material parameter for which some pros-
pects are given, too.
Within this chapter, the third focus is placed on the instantaneous profile measurement
technique and its application for moisture transport experiments under transient con-
ditions. The particularly designed set-ups for both moisture content ranges are intro-
duced. Measurement schedules are proposed consisting of distinct adsorption and
desorption cycles which are adjusted to the properties of the investigated materials.
Subsequently, it is emphasized on the special requirements of moisture content meas-
urement with TDR. The calibration procedure of the set-up configuration is briefly
sketched. Finally, four approaches to derive the moisture content from the measured
apparent dielectric constant are elaborated having different requirements on provided
material and reference data. Since two of these models account for the fraction of
bound water which can be related to the inner surface area, special emphasis is placed
on its derivation from vapour sorption data. Both, the instantaneous profile measure-
ments and their data evaluation can be performed in a well defined and sophisticated
manner.
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CHAPTER 6

IMPLEMENTATION AND APPLICATION

To apply and validate the developed material modelling, two very laborious
tasks have to be completed. One is the application of the material model to the meas-
ured basic data of the investigated building materials. The other is the evaluation of
measured TDR data. To facilitate these tasks as well as to provide a basis for further
applicability of the conducted developments, the corresponding models were imple-
mented into two computer programs.
Within this chapter, these developed programs will be briefly introduced by their
structural components. In a second step, the particular application will be presented.
For the material model, the adjusted and calibrated material functions will be shown
for each material. For the TDR data evaluation, only an example of the applied model
functions and the reference data will be given whereas the whole set of measured data
will be shown and discussed in Chapter 7.

6.1 Implementation of the material model

The material model was implemented into a computer program to facilitate
both, the adjustment procedure and the data exchange between the laboratory and the
simulation program. The developed program was called MATGEN, which is an abbre-
viation of input MATerial data GENeration for simulation programs. Within this para-
graph, the different program components will be introduced first. Subsequently, the
adjustment and calibration procedure will be sketched from an application-oriented
point of view.
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6.1.1 Program components

In Fig. 6.1, a scheme of the general program structure is given. MATGEN con-
sists of a number of processing steps which have to be completed one after another,
and of data handling and additional options supporting data analysis and data
exchange with the simulation program. These different program components are elab-
orated as follows.

Input material data

The material model forms the link between laboratory and simulation program. The
basic input of the MATGEN program is therefore a laboratory data sheet containing all
measured basic material properties. For the purpose of measured material data storage
and evaluation, a special Excel template was developed at the Institute of Building Cli-
matology1 consisting of one summary sheet and a number of storage and evaluation
sheets corresponding to the different basic experiments as introduced in Chapter 3.
Within the summary sheet, information concerning the material and its producer and
all basic material properties as density, porosity, moisture storage data, vapour diffu-
sion resistance values, water uptake coefficient and capillary saturation, liquid water
conductivity data, thermal conductivity and heat capacity are stored. This summary
page is read by the MATGEN program providing all material properties for further
account.

1. The laboratory Excel template was developed by Rudolf Plagge, Frank Meißner and by the author during the 
years 1997-2007 at the Institute of Building Climatology, Dresden University of Technology.

Read input material data

Adjustment of MRC
(moisture storage function)

Spline generation for 
MRC and RMRC functions

Check conformity of 
MRC / RMRC splines

Adjustment of 
moisture transport functions

View additional / derived 
material functions

Store / Read 
DELPHIN5 material file

Export to 
DELPHIN4 material file

Figure 6.1: Structure of the developed program to apply the material model to measured 
basic material data. The lines indicate main interaction paths.
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Adjustment of the moisture storage characteristic

The first step in applying the material model to measured input data is the moisture
storage characteristic (MRC) adjustment. The parameters of the multimodal function
given in eq. (5.1) have to be adjusted to the measured sorption and retention values for
both, the adsorption and the desorption moisture storage characteristic. With a speci-
fied number of modalities, the program allows to calculate initial values for the func-
tional parameters as well as to use a numerical parameter optimization routine. These
were implemented according to Franke (2007), who used the Levenberg-Marquardt algo-
rithm for the optimization. Further adjustment by the user is possible via a parameter
table and a graphical illustration of the moisture storage data versus capillary pressure
or relative humidity in a logarithmic and a normal scale.

Spline generation for MRC and RMRC

As a second step, data points for linear spline interpolation are calculated for the
adjusted moisture retention functions as well as for their reverse functions (RMRC). A
special algorithm developed by Nicolai (2005) is used providing linear spline data
which enable a high performance use in numerical simulation in such a way that the
more data points are set the stronger the slope change of the particular function is.
Since the reverse moisture retention function is used to calculate the liquid water con-
ductivity function, see eq. (5.3), the interpolated data points for this function are speci-
fied by this routine, too. A limiting number of data points as well as the accuracy
requirements for these splines can be adjusted by the user.

MRC and RMRC conformity check

Once the spline generation is fulfilled, a check option can be used. Two aspects are con-
trolled by this option. First, a check for double abscissa values is run which is required
due to the limited accuracy in the storage of numerical values in a file. Normally, this
check becomes important when a large number of data points was chosen for the spline
generation and when the adjusted material data was stored and read again from a file.
The double values can be deleted automatically once they were detected. And second,
the conversion accuracy is controlled and the mean deviation of original and approxi-
mated value is displayed. Then the user may decide whether increasing the limiting
number of data points for a further refinement of the spline data or not.

Adjustment of the moisture transport functions

Based on the RMRC spline data, the wet-cup vapour diffusion data and the conductiv-
ity measurements in the saturated moisture content range, the liquid water conductiv-
ity as well as the vapour diffusivity are calculated as elaborated in paragraph 5.1.2
Liquid water and water vapour transport. The contained parameters  and  have to
be adjusted by the user. This is done in interaction with the numerical simulation of the
water uptake and the drying experiment. For that purpose, the material data must be
stored and included into the simulation program. First, the water uptake experiment
should be simulated as it gives an indication of the order of magnitude for the liquid
water conductivity within the capillary moisture content range, adjusting . Once

ηcap ηsp

ηcap
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 has been determined, the drying experiment indicates the liquid water conductiv-
ity within the lower overhygroscopic moisture range. By this,  can be adjusted, see
also paragraph 5.1.2.3 Calibration of liquid and vapour transport coefficients.
In case this adjustment procedure does not
deliver acceptable results, an additional
menu is available allowing to adjust the
upper integration boundary of eq. (5.3), to
modify the limit of the relative conductivity
function and to add further conductivity val-
ues to the hygroscopic liquid water conduc-
tivity. 
Changing the upper integration boundary
may become important for materials with a
large pore fraction at low capillary pres-
sures, i.e. with a large capillary radius. Since
these pores would dominate the whole rela-
tive conductivity function leading to an
underestimation of the conductivity in the
lower moisture content range, see also Fig.
6.2, it is recommended to truncate them
partly from the conductivity evaluation by
adjusting . 
For materials with a large pore volume but a
very low capillary moisture content, the rel-
ative conductivity derived from the pore
structure is applied for a very short moisture
range only because its upper limit is the cap-
illary moisture content. For such materials,
the capillary moisture content (which has
only this meaning within the model) can be set to a higher moisture content value ena-
bling the application of the bundle of tubes model for a larger pore size range.
Finally, for cases where it is not possible to follow the drying course correctly when
adjusting the parameter  only, additional conductivity values can be defined in the
lower moisture content range. For most building materials, however, the adjustment
of  and  by the help of water uptake and drying experiment simulation should
be expedient.

Data storage

After each adjustment step it is possible to save the material data. The material data
storage was designed in the style of the DELPHIN5 program according to Nicolai (2006).
The stored material data file is thus a material input file of the DELPHIN5 simulation
program. All modelling options and parameters are stored in specially encoded strings
enabling to continue with the adjustment procedure if it was interrupted. To avoid an
error message when using the simulation program, it is recommended to save the
material data and read it again once the spline generation has been completed, and use
apply the conformity check option.
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As it is possible with DELPHIN5 not to include the material file into the project but
assign a link to a corresponding file, the optimization procedure for the two parame-
ters  and  is significantly simplified. Once the simulation projects are created,
the changed material data has only to be saved and another simulation can be run.
To use the applied material model also for numerical simulations with the DELPHIN4
program according to Grunewald (1997) and Grunewald & Fechner (2006), it is possible
to export the data to a corresponding material input file. In that file though, the mod-
elling information is not saved and it is thus not possible to read a DELPHIN4 material
file.

Derived material functions

An additional menu was designed to view additional and derived material functions
as the pore-volume distribution or the liquid or moisture diffusivities. Moreover, it is
possible to display the different function in dependence to different quantities, as e.g.
the liquid water conductivity versus moisture content, versus capillary pressure or
versus capillary radius.

Further program options

It is certainly possible to include other material models into the MATGEN program.
Either a complete model, as e.g. a simplified diffusivity approach which would
account for cases where very limited input data is available, or another functional
approach to describe the moisture storage function, as the one according to Van
Genuchten (1980) and Durner (1994) or the one according to Häupl & Fechner (2003b) and
Häupl (2007b), could be implemented. Moreover, the material data export could also be
implemented to support other simulation programs.1 

6.1.2 Adjustment and calibration procedure

The adjustment and calibration procedure to apply the material model to
measured data consists of two main components. The first is the model itself and the
procedure which has to be followed for its application. This is what the MATGEN pro-
gram does which was introduced in paragraph 6.1.1 Program components above. The
second component is the comparison of measured and simulated material behaviour
for the water uptake and the drying experiment. As both experiments contain informa-
tion about the moisture transport properties in different moisture content ranges, the
modelling parameters  and  can be adjusted by their help. However, this is an
iterative process between the adjustment procedure and the simulation. Fig. 6.3 shows
a process scheme for the whole procedure indicating the different dependencies and
interactions of model application, parameter adjustment and numerical simulation of
the two transport experiments.

1. As this was not the task for the current project to include different material models, the basic structure of 
data handling was designed to be extended only, but the corresponding extensions were not implemented, yet. 
If there is a special interest for it, please feel invited to contact the author.
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Figure 6.3: Scheme of the adjustment and calibration procedure when applying the material 
model to measured data. The calibration is an iterative process between 
adjustment of the modelling parameters and the comparison of measured and 
simulated water uptake and drying courses.
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It would be preferable to have one large algorithm which includes all the processes
summarized in Fig. 6.3. This is, however, from the author’s point of view not practi-
cally applicable for a number of reasons. 
The first problem is the measurement data storage. One data file would be required
where all information is stored in a strictly defined way. This is already difficult for a
summary of basic material parameters. For all storage and transport experiments
though, it would imply that all materials behave in the same way and no special eval-
uation regarding the specific material behaviour is required. This patiently does not
coincide with the laboratory practise. 
The second problem is the choice of the particular material samples for the simulation.
Normally, the experiments are carried out for a number of material samples. For the
simulation, one sample is chosen, its geometry data is applied, its boundary conditions
are selected and the measured course is compared with the simulation results. This
choice depends on different conditions as the geometry itself, the quality of measure-
ment data, the boundary conditions etc. Many of these criteria belong to the measure-
ment history and are therefore difficult to be implemented into the data evaluation.
The third problem is the choice of relevant measurement curves for the comparison
with the simulation results. Sometimes, the experimental conditions are different for
all examined samples and only the particular curve which belongs to the chosen spec-
imen can be used for the evaluation. Sometimes, however, many samples of similar
dimensions are prepared and measured delivering a number of curves indicating the
variety of the material. In such a case, more than one measurement course should be
used for the evaluation.
Finally, the fourth problem is the interpretation of a deviation in the measured and
simulated material behaviour. As the water uptake and drying experiments can only
indicate the moisture transport properties due to the complex interaction of moisture
potential gradients, moisture potential - moisture content relation and moisture trans-
port properties, there exist no clear criteria of what should be changed to what extent
in dependence to what deviation. The experience and the interpretation of the person
who is doing the calibration is required here which can be hardly implemented into a
large algorithm.
Despite these data handling and interpretation criteria problems, the implementation
of the scheme shown in Fig. 6.3 would require the coupling of the material data storage
and evaluation (e.g. Excel), the material model adjustment program (e.g. MATGEN), the
coupled heat and moisture simulation program (e.g. DELPHIN) and the evaluation of
measured and simulated courses. This is, from the author’s point of view, due to the
mentioned problems and the large amount of input data this would require, extremely
laborious and therefore not reasonable. The material model application remains there-
fore the iterative process described above which has to be accomplished by the user.

6.2 Application of the material model

The implemented material model was applied to the four building materials
according to the procedure illustrated in Fig. 6.3. The adjusted material functions and
the comparison of measured and simulated experiments will be elaborated here.
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6.2.1 Building brick

For the building brick, desorption moisture storage data was available for the
whole moisture content range. Adsorption data could though only be measured within
the hygroscopic, i.e., the relative humidity range. Fig. 6.4 shows the desorption and the
adsorption moisture storage function adjusted to the measured data. The data is dis-
played as moisture content versus relative humidity (left) and versus capillary pres-
sure (right). The building brick has a very low hygroscopic moisture capacity. For a
better illustration, the moisture content was hence plotted in a logarithmic scale.
Within the overhygroscopic moisture range, the adsorption moisture storage function
was adjusted on the basis of two criteria. The first criterion is the general pore structure
which was tried to be kept according to the desorption characteristic. The second cri-
terion is the water uptake behaviour, in particular the bend of the water uptake curve
and the corresponding moisture content level. The simulation was conducted applying
a no-pressure boundary condition. The boundary moisture content as well as the mean
moisture content at the bend of the water uptake curve is therefore determined by the
adsorption moisture storage function which was adjusted in that way.
In Fig. 6.5 at the left, the pore volume distribution is displayed for the building brick.
It was derived from the desorption moisture storage function according to eq. (5.2)
where the capillary pressure was replaced by the capillary radius following the Laplace
equation (2.14) and the assumption of  for the contact angle. At the right side of
Fig. 6.5, the liquid water conductivity function is shown as it was derived and adjusted
during the calibration procedure. The total moisture conductivity as the sum of vapour
and liquid water conductivity is also shown there.
Within the lower overhygroscopic moisture content range, the liquid water conductiv-
ity function starts from a low conductivity level but increases rapidly. In the capillary
and the saturated moisture content range, the building brick has a rather high liquid
water conductivity. This course of the conductivity function is also indicated by the
two calibration transport experiments shown in Fig. 6.6. For the water uptake experi-

Figure 6.4: Desorption and adsorption moisture storage function of the building brick: 
sorption isotherm (left) and moisture retention characteristic (right).
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ment, where measured and simulated courses are displayed at the left, the low hygro-
scopic moisture capacity and the high capillary conductivity lead to a quick transport
process expressed by the steep slope of the water uptake curve. For the drying, which
is shown at the right of Fig. 6.6, the same combination leads to a long first drying phase.
The low conductivity within the lower overhygroscopic moisture content range, how-
ever, leads to a distinct second drying phase and is also responsible for the correspond-
ing drying duration.
As Fig. 6.6 shows, the agreement between measured and simulated results is very good
(all simulations were done applying the DELPHIN Program according to Nicolai (2006)).
The building brick is, though, a rather convenient material with regard to the material
model calibration.

Figure 6.5: Building brick: pore volume distribution (left) and moisture conductivity 
function as the sum of liquid and vapour conductivity (right).
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Figure 6.6: Calibration of the building brick: comparison of measured and simulated courses 
for water uptake (left) and for drying (right). The drying data was measured with 
an automatic balance device.
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6.2.2 Calcium silicate

The moisture storage function of the calcium silicate is given in Fig. 6.7 as the
sorption isotherm versus relative humidity (left) and moisture retention curve versus
capillary pressure (right). Again, adsorption data is only available for the hygroscopic
region whereas desorption data could be measured for the whole moisture content
range. The adjustment was hence performed in the same way as for the building brick.
The calcium silicate has a very high porosity which is assigned to the mid-pore range.
Thus, the moisture capacity is very high for capillary pressures around 1MPa. In con-
trast to this, the hygroscopic moisture capacity is almost negligible.
In Fig. 6.8 at the left, the pore volume distribution derived from the desorption mois-
ture storage function is displayed for the calcium silicate accentuating the distinct pore
maxima within the mid-pore range. 
The moisture transport functions of the calcium silicate are shown in Fig. 6.8 at the
right. The liquid water conductivity, the vapour conductivity and the total moisture
conductivity are displayed there. The liquid water conductivity quickly increases for
low moisture contents passing over into a plateau before a second steep slope leads to
very high conductivity values within the saturated moisture content range. The cal-
cium silicate is thus a material with most pronounced moisture transport properties
which becomes also visible when viewing the water uptake and the drying data dis-
played in Fig. 6.9.
There, measured and simulated water uptake data are shown at the left. The steep
slope of the water uptake curve indicates the discussed course of the liquid water con-
ductivity. Due to the high porosity, the amount of absorbed water is formidable.
At the right side of Fig. 6.9, the measured and simulated drying courses are compared.
Again due to both, the high porosity and the distinct liquid transport properties, the
first drying phase is very long. According to the pronounced plateau and the lower
conductivity values for low moisture contents, a clear second drying phase follows.

Figure 6.7: Desorption and adsorption moisture storage function of the calcium silicate: 
sorption isotherm (left) and moisture retention characteristic (right).
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However, the total drying duration, especially in combination with the high initial
moisture contents and the high material specimens, is very short. 
The agreement of measured and simulated water uptake and drying behaviour is
almost perfect. The calcium silicate is a rather simple material with respect to the
adjustment and calibration procedure. However, the moisture transport properties are
often overestimated within the lower overhygroscopic moisture range. Therefore, the
drying experiment performed for high material specimens and with high vapour
exchange rates is very important to reveal enough information for an accurate calibra-
tion.

Figure 6.8: Calcium silicate: pore volume distribution (left) and liquid water conductivity 
function as the sum of liquid and vapour conductivity function (right).
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Figure 6.9: Calibration of the calcium silicate: comparison of measured and simulated 
courses for water uptake (left) and for drying (right).
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6.2.3 Aerated concrete

The desorption and adsorption moisture storage data which was measured for
the aerated concrete is given in Fig. 6.10 together with the adjusted curves. The aerated
concrete possesses a clearly distinguished pore structure providing pores of almost all
sizes. This leads to the plateaus of the moisture retention curve passing over into each
other, as shown at the right of Fig. 6.10, as well as to the significant moisture capacity
within the hygroscopic moisture range, as shown in the sorption isotherm displayed
at the left of Fig. 6.10.
In Fig. 6.11 at the left, the pore volume distribution versus capillary radius is given. The
gradual pore structure becomes visible there, too. As it was done for the other materi-
als, this pore volume distribution function was also derived from the desorption mois-
ture storage function.
The moisture transport functions of the aerated concrete are displayed at the right of
Fig. 6.11. The liquid and vapour conductivity as well as the total moisture conductivity
are shown in the right chart. The liquid water conductivity, taking relatively high val-
ues already in the hygroscopic moisture content range, exhibits then a slow but rather
constant increase over a large range of moisture contents. For high moisture contents
of , the conductivity takes high values. However, these high conductiv-
ity values are assigned to the very large pores, as can be seen in Fig. 6.10 at the right,
which are normally not water filled. For lower moisture contents, the moisture trans-
port is much less pronounced.
Both, the moisture transport and moisture storage behaviour of the aerated concrete,
become indirectly visible when looking at the water uptake and the drying data. The
comparison of measured and simulated courses is shown in Fig. 6.12, at the left for the
water uptake experiment and at the right for the drying. The duration of the water
uptake experiment is rather long, the slope quite low. The first drying phase is rela-
tively short, the second drying phase is very pronounced. However, due to the distinct

Figure 6.10: Desorption and adsorption moisture storage function of the aerated concrete: 
sorption isotherm (left) and moisture retention characteristic (right).
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moisture transport in the hygroscopic and the lower overhygroscopic moisture content
range, the drying within the second phase proceeds quickly leading to a comparatively
short total drying duration.
The agreement between measurement and simulation is very good. However, it has to
be stated, that the aerated concrete is a very difficult material for hygrothermal charac-
terization due to the large variety in material properties and the strong process
dependencies which will be discussed in detail within Chapter 7.

Figure 6.11: Aerated concrete: pore volume distribution (left) and liquid water conductivity 
function as the sum of liquid and vapour conductivity function (right).
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Figure 6.12: Calibration of the aerated concrete: comparison of measured and simulated 
courses for water uptake (left) and for drying (right). The drying data was 
measured with an automatic balance device.
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6.2.4 Lime-sand brick

Fig. 6.13 shows the adsorption and desorption moisture storage data of the
lime-sand brick. Again, the sorption isotherm is displayed at the left and the moisture
retention curve at the right. The lime-sand brick exhibits a significant moisture capac-
ity within the hygroscopic moisture content range. It comprises more than 20% of the
pore volume.
The pore volume distribution of the lime-sand brick forms therefore two sharp pore
maxima superimposed with one very wide pore maximum (or a number of different
small pore maxima passing into each other). Fig. 6.14 shows the pore volume distribu-
tion at the left as is was derived from the desorption moisture storage function. 
The liquid water conductivity, the vapour conductivity and the total moisture conduc-
tivity are given in Fig. 6.14 at the right. The high hygroscopicity of the lime-sand brick
becomes visible here, too. The vapour transport contributes significantly to the total
moisture conductivity within the hygroscopic moisture range. The vapour transport
function itself is rather low though. The liquid water conductivity increases constantly
but slowly. Within the saturated moisture range, it still remains one to two orders of
magnitude lower than the conductivity of the other materials. The lime-sand brick is
therefore a material with a high moisture capacity but with low moisture transport
properties.
The data of the two calibration experiments is displayed in Fig. 6.15. At the left, the
water uptake data is shown forming a slowly increasing slope. At the right of Fig. 6.15,
the drying course is given. Both characteristics become visible there, again. The total
drying time is very long whereas the first drying phase is existent but rather short. The
combination of the water stored within a wide range of pores and a significantly
decreasing liquid water conductivity for the corresponding moisture contents is
responsible for this behaviour.

Figure 6.13: Desorption and adsorption moisture storage function of the lime-sand brick: 
sorption isotherm (left) and moisture retention characteristic (right).

Capillary Pressure in [Pa]
1 10 100 1000 1E4 1E5 1E6 1E7 1E8 1E9

W
at

er
 C

on
te

nt
 in

 [m
3/

m
3]

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0.00

Relative Humidity in [---]
10.90.80.70.60.50.40.30.20.10

W
at

er
 C

on
te

nt
 in

 [m
3/

m
3]

0.001

0.01

0.1

1
Measured Desorption Data
Adjusted Desorption Function
Measured Adsorption Data
Adjusted Adsorption Function

Capillary Pressure in [Pa]
1 10 100 1000 1E4 1E5 1E6 1E7 1E8 1E9

W
at

er
 C

on
te

nt
 in

 [m
3/

m
3]

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0.00

Relative Humidity in [---]
10.90.80.70.60.50.40.30.20.10

W
at

er
 C

on
te

nt
 in

 [m
3/

m
3]

0.001

0.01

0.1

1
Measured Desorption Data
Adjusted Desorption Function
Measured Adsorption Data
Adjusted Adsorption Function



Application of the material model

153Validation of hygrothgermal material modelling under consideration of the hysteresis of moisture storage

The agreement between measured and simulated material behaviour is very good after
the calibration procedure. However, also the lime-sand brick is a rather difficult mate-
rial due to the wide pore ranges contributing to both, the water uptake and the drying
moisture transport.

Figure 6.14: Lime-sand brick: pore volume distribution (left) and liquid water conductivity 
function as the sum of liquid and vapour conductivity function (right).
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Figure 6.15: Calibration of the lime-sand brick: comparison of measured and simulated 
courses for water uptake (left) and for drying (right).
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6.3 Implementation of TDR data evaluation

To simplify the evaluation of measured TDR data, a second program was
developed called TDR-EVALUATION. The main program tasks are the data handling of
measured apparent dielectric constant and electric conductivity data having an inex-
pedient output format, and the further conversion of this measurement data according
to different evaluation models. As the electric conductivity is not the topic of the
present work, the corresponding models and program features are ignored here. An
overview of the different water content related program components is given in Fig.
6.16. These will be sketched as follows.

Reading of measurement data files

The TDR device used for the instantaneous profile measurements writes the measured
data into two files. One file contains the apparent dielectric constant data and the other
the apparent electric conductivity data. During the measurement, each sensor channel
is stepwise queried leading to an unfavourable output format which consists of a list
of increasing time values to which the channel number and the measured value are
assigned. As the first TDR evaluation step, the reading of such TDR output files is
required. Both, dielectric constant and electric conductivity files can be read which are
tested whether they belong to each other or not.

Selection of measurement channels for evaluation

Due to the unfavourable measurement output format, the second step after input data
reading is to select the particular channels which are supposed to be evaluated. For the
case of the performed measurements, the five sensors belonging to one material spec-
imen had to be selected out of the twenty channels. In addition, the name for the par-
ticular measurement interval can be edited and a time correction can be carried out
here.

Derivation of the water content

The four models1 introduced in paragraph 5.3.3.2 TDR data evaluation were imple-
mented to derive the water content from measured apparent dielectric constant data.
For the application of these models, the required parameters, in particular the dielec-
tric constants of bound water, free water, the solid matrix and air, have to be supplied.
For the estimation of the bound water fraction, the three methods BET, GMM and GIM2

were implemented to be evaluated on the basis of measured sorption data. Finally, the
reference data for the material specific relation of water content and apparent dielectric
constant can be entered.

1. The four models establish a relation between the water content and the apparent dielectric constant. They 
comprise one empirical approach and three dielectric mixing models requiring a different amount of input data. 
For more details, please refer to paragraph 5.3.3.2 TDR data evaluation on page 130 et seqq.

2. Concerning the methods BET, GMM and GIM, please refer to section Bound water fraction and inner surface 
area under paragraph 5.3.3.2 TDR data evaluation on page 133 et seqq.
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Depending on the available input and reference data sets, one of the four models can
be selected. In case of one of the semi-empiric dielectric mixing models, the free param-
eter can be adjusted to the reference data. At the same time, the model is applied to the
selected TDR data delivering the water content versus time for each channel.
The data belonging to the evaluation models, i.e. the reference data as well as the input
and modelling parameters for all models, can be saved and read. Although this is not
a calibration in its strict sense, this data is called calibration data. It is hence possible to
create a calibration data set for each investigated material which can be easily read.
This significantly simplifies the TDR data evaluation procedure. For the investigated
building materials introduced in Chapter 4, such files were created, too. 

Data storage and export

The output data file of the TDR-EVALUATION is a text file. This text file contains all sup-
plied modelling data and a check which evaluation model was chosen. Then, for all
selected channels, the input apparent dielectric constant data as well as the derived
water content data is stored. If the file is saved before applying one of the evaluation
models, it contains only the input data in a sorted form.
For further graphical evaluation, the data can be exported either in a single data file for
each channel or for all channels together in different data arrangements. The options
here could be extended easily. Currently, they are adapted to the requirements of the
laboratory at the Institute of Building Climatology where the post-processing tool
according to Fechner (2006) is applied.

Read Input Data
(measured apparent dielectric constant)

Select Channels
for Evaluation

Derive
Water Content

Adjustment of 
Models for

TDR Evaluation

Model Application
to Calculate 

Water Contents

Store / Read
TDR Data

Export Data 
to other Formats

Figure 6.16: Structure of the developed TDR-evaluation program. The lines indicate main 
interaction paths.

Store / Read
TDR Calibration Data
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6.4 Application of the TDR models

Within this paragraph, an example will be given for the TDR data evaluation
for which one of the lime-sand brick measurements was chosen. The developed pro-
gram TDR-EVALUATION was applied on the basis of the measured reference data as well
as the basic properties of the material. 
In a first step, the five channels whose sensors were installed in the lime-sand brick are
selected from the TDR output file. These data is transferred to the evaluation routine.
Here, depending on the available material and reference data, the evaluation model
has to be chosen. Since the lime-sand brick was investigated very intensively, reference
data for the apparent dielectric constant - water content relation as well as all other
required material data is available. Therefore, the four-phase dielectric mixing model
according to eq. (5.38) could be applied.
To feed the model, the following properties have to be known: the dielectric constants
of the gaseous phase , of the solid material matrix  and of the free and bound
water  and , the porosity  and the bound water content . To determine ,
the inner surface area  of the material and the number of molecular water layers

 which are regarded as bound water are required. Moreover, since the inner sur-
face area is typically written in , the density is also needed for the
conversion to  as required in eq. (5.39). Finally, the model parame-
ter  has to be adjusted according to the reference data. All measured, derived and
adjusted parameters are given in Tab. 6.1. 
To determine the inner surface area of the lime-sand brick, the introduced adsorption
models were applied to measured adsorption data. A comparison of the relevant
graphical illustrations is given in Fig. 6.171. At the left, the mono layer capacity deter-
mination according to the BET method is shown. For the lime-sand brick, this method
appears to be suitable for relative humidities up to 0.5. Due to the few single measure-
ment values, the Gibbs Minimum Method is of less applicability as it requires more data
points for very low relative humidities to determine the actual minimum, as illustrated
in the middle graphic. The Gibbs Integral Method, shown at the right of Fig. 6.17, delivers

1. Compare also Fig. 5.32 under paragraph 5.3.3.2 TDR data evaluation on page 135.

Figure 6.17: Comparison of the different models to derive the inner surface area from 
measured adsorption data. BET method left, Gibbs Minimum Method in the 
middle and Gibbs Integral Method at the right.
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the most reliable results as it is valid for a relative humidity range up to 0.9. Therefore,
the inner surface area was applied as determined by this method, although the values
derived by the other methods are - for this material - of the same order of magnitude:

-
-
-

The dielectric constant of the solid matrix  was derived from the reference data. The
parameter  as well as the number of molecular water layers  to be regarded as
bound water was adjusted to fit the curve to the reference data. A comparison of the
adjusted model function with this data is given in Fig. 6.18. 
One can see that the reference data of the apparent dielectric constant - water content
relation does not strictly follow the functional course the model assumes. However,
with respect to the material variation, the adjusted curve represents the measured data
quite well, especially for the hygroscopic moisture content range comprising moisture
contents up to . This curve was then used to derive the water content
from the measured TDR data of the lime-sand brick. 
In the same way, the four-phase dielectric mixing model was applied to the other mate-
rials. Based on the adsorption data, the inner surface area and hence the bound water
fraction was determined. The modelling parameters  and  were then adjusted
according to the measured reference data.

Figure 6.18: Relation between water content and apparent dielectric constant for the lime-
sand brick. Comparison of measured reference data with the adjusted 4-phase 
dielectric mixing approach.
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An illustration of the
other TDR evaluation
models is given in Fig.
6.19. 
As far as required by
the model, the same
parameters were used
as given in Tab. 6.1.
The empirical as well
as the physical model
following eq. (5.32)
and (5.34) are too
inflexible to follow the
reference data. Obvi-
ously, the structure of
the lime-sand brick
does not correspond
with the geometrical
configuration which
was assumed during
the model derivation.
The three-phase dielectric mixing model according to eq. (5.36) follows the measured
course with almost the same agreement as the four-phase model. Small deviations,
however, occur especially for lower moisture contents. This is due to the small shift
caused by the account of the bound water which is only included in the four phase
models. The parameter  was adjusted to  for the curve shown in Fig. 6.19. 
Finally, a derived water content profile is shown in Fig. 6.20. The measured data
belongs to the lime-sand brick during a hygroscopic adsorption from 33% to 97% rela-
tive humidity. The evaluation was done with the four-phase dielectric mixing model
according to eq. (5.38) and Fig. 6.18 with the parameters given in Tab. 6.1.

Table 6.1:  Parameters for the TDR-evaluation of the lime-sand brick.

Parameter Value Unit Parameter Value Unit

gaseous phase 1.00 density 1813.5

solid phase 3.75 porosity 0.3436

free water 80.00 inner surface area 20.184

bound water 6.20 number of water layers 1.5

model parameter 0.28 bound water fraction 0.01647

Figure 6.19: Comparison of the empirical and the other dielectric 
mixing models with the measured reference data
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6.5 Conclusions

Within the first part of this chapter, the developed computer program to apply
the material model to the measured basic material data was introduced in its basic
components. Subsequently, a process scheme showing the dependencies of the calibra-
tion procedure as an interaction of numerical simulation, model data application and
data evaluation was given highlighting its complexity. Ultimately, the adjusted mois-
ture storage and transport functions were discussed for all four building material and
the calibration quality was proved by the comparison of measured and simulated
water uptake and drying curves. 
The second part of this chapter focused on the other developed computer program
dealing with the evaluation of measured TDR data. The program was briefly intro-
duced in its basic structure. Then the application of the implemented models was
exemplarily demonstrated for a data-set of the lime-sand brick.
With these developments and their application to either the measured basic material
properties or the instantaneous profile measurements, the final prerequisite steps
approaching the material model validation were accomplished.

Figure 6.20: Evaluated water content profile measured with TDR sensors inside the lime-
sand brick during an adsorption process from 33% to 97% relative humidity. 
Position 1 was exposed to the boundary condition - see also Fig. 5.27 on 
page 126 for the measurement set-up.
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CHAPTER 7

SIMULATION AND VALIDATION

Within this chapter, the two widely elaborated and strengthened fields of
experimental investigation and material modelling are combined opening new per-
spectives on both, the actual quality of material modelling within the frame of numer-
ical simulation, and the driving forces of moisture transport with their dependencies
on the state, the process and its history.
The large number of conducted IPM experiments is evaluated. The material model is
adjusted and calibrated by the help of the basic hygrothermal properties. Applying the
measured initial and boundary conditions, all experiments are simulated using the
DELPHIN5 program according to Nicolai (2006). Ultimately, measured and simulated
results are compared enabling a fundamental model validation.
Due to the large amount of data the following paragraphs will present only the most
meaningful data-sets comprising a representative selection of measured and simulated
experiments. A distinction is made between the hygroscopic and the overhygroscopic
moisture content range with the corresponding experiments. A single treatment of the
investigated building materials appears though to be of less significance as similar ten-
dencies were witnessed. Therefore, the discussion follows the general observations on
the broad but explicitly no further distinguished experimental basis.

7.1 Hygroscopic moisture transport

The measured data comprises profiles of water content, temperature and rela-
tive humidity versus time for the IPM experiments within the hygroscopic moisture
content range. Despite the intended simulation of these experiments on the basis of the
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adjusted material functions and the measured initial and boundary conditions, it is
reasonable to visualise the transient sorption isotherms. The moisture content data is
therefore plotted versus the relative humidity data for the conducted experiments.
Their discussion forms the first subsection followed by the simulation results. The
assessment of the material model with regard to hygroscopic moisture transport proc-
esses will conclude this paragraph.

7.1.1 Transient moisture storage data

The first data shown and discussed belongs to the investigated calcium sili-
cate. In Fig. 7.1, the transient moisture storage data of an adsorption process from 33%
to 97% relative humidity is displayed (large step increase according to Tab. 5.2 on
page 126). The single data points belong to the five compartments into which the mate-
rial sample is subdivided according to the installed TDR and temperature - relative
humidity sensors. Position 1 indicates the bottom compartment which is exposed to
the boundary conditions whereas position 5 refers to the top section. See paragraph
5.3.1 Measurement set-up for the hygroscopic moisture range and especially Fig. 5.27 on
page 126 for the measurement configuration.
The continuous lines in all these figures represent the adjusted adsorption and desorp-
tion moisture storage functions according to the applied material model and the meas-
ured sorption and retention data. Due to the fact that these data are obtained from
static equilibrium measurement methods, the displayed curves are regarded as static
equilibrium adsorption and desorption functions.
The measured data points in Fig. 7.1 show a significant deviation from the static mois-
ture storage curves. Generally, the transient data takes lower moisture content values
for a given relative humidity than the adjusted functions. Especially positions 1 and 2
follow the strong increase in applied boundary relative humidity with increasing
moisture contents. However, the corresponding relative humidity inside the material
seems to be shifted to higher values.
In Fig. 7.2, data of the same material specimen but for the subsequent desorption proc-
ess from 97% to 33% relative humidity is given (large step decrease according to Tab.
5.2 on page 126). Again the data points indicate the different measurement positions,
the solid lines represent the static ad- and desorption data. Here, the transient data
takes generally higher moisture content values than during the adsorption. Especially
position 1 exhibits a very interesting behaviour. While during the adsorption, the rel-
ative humidity increased rapidly first before the moisture content increased slowly,
too, the opposite occurs during the desorption. The relative humidity decreases much
faster than the moisture content.
The second compartment (position 2) shows a similar, but much less pronounced
behaviour. Here, the followed transient curves are much closer to the static ones than
those of position 1. The other compartments follow in principle the same path for both
depicted experiments with slightly higher moisture content values for the desorption.
The measured data of the adsorption - desorption cycle are shown in Fig. 7.3, at the left
for position 1 and at the right for position 2. The comprised hysteresis loop is much
more pronounced for position 1 than for position 2. In both cases though, this loop is
larger than the hysteresis measured under static conditions. Position 1 is exposed to the
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boundary conditions. Therefore, the largest gradients occur within this compartment.
The observed material behaviour indicates, that the step-size of the applied boundary
condition and the size of the arising moisture potential gradients influence the mois-
ture content - moisture potential relation which is followed under transient conditions.
Looking at Fig. 7.4 underlines this observation. It shows the hysteresis loop measured
during an adsorption - desorption cycle from 85% to 97% to 85% relative humidity
(stepwise increase (3) and stepwise decrease (1) according to Tab. 5.2 on page 126). The
loop of position 1 is given in the left chart, the one of position 2 is shown on the right
hand side. Two observations can be made from these charts. First, the moisture level
of the measured courses is generally lower than the static storage functions. Only the
transient desorption branch of position 1 intersects with the static curves. And second,
the hysteresis loop is much less pronounced compared with the large step cycle of 33%-
97%-33%. At position 2 (right chart in Fig. 7.4), there is almost no hysteretic behaviour
cognizable. At position 1 (left chart in Fig. 7.4), it is existent and still more pronounced
than the static hysteresis, but the strong deviations observed in Fig. 7.3 during the large
step cycle did not occur during the smaller steps shown in Fig. 7.4.
These first results reveal that the flow states occurring under transient conditions do
not follow the measured equilibrium curves. This means that additionally to the state
and the process history, also the process itself, i.e. the size of the occurring moisture
potential gradients, influence the moisture transport behaviour of a building material.
This is a rather new observation in Building Physics which has not been a research
topic, yet. In Soil Science, authors of previous studies obtained similar results which
gave first evidence on these so called „dynamic effects“. The discussion in paragraph
7.1.3 Concluding hygroscopic assessment will give a brief review of dynamic effects in lit-
erature.
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Figure 7.1: Transient moisture storage data of the calcium silicate during adsorption from 
33% to 97% relative humidity. The continuous lines represent the adjusted ad- 
and desorption functions shown and discussed in Chapter 6.

Figure 7.2: Transient moisture storage data of the calcium silicate during desorption from 
97% to 33% relative humidity. The continuous lines represent the adjusted ad- 
and desorption functions shown and discussed in Chapter 6.
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Figure 7.3: Dynamic hysteresis loop during a cycle of 33%-97%-33% relative humidity for 
the calcium silicate. The left chart shows position 1 which is exposed to the 
boundary condition, the right chart shows position 2.

Figure 7.4: Dynamic hysteresis loop during a cycle of 85%-97%-85% relative humidity for 
the calcium silicate. The left chart shows position 1 which is exposed to the 
boundary condition, the right chart shows position 2.
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Figure 7.5: Transient moisture storage data of the lime-sand brick during adsorption from 
33% to 97% relative humidity.

Figure 7.6: Transient moisture storage data of the lime-sand brick during the subsequent 
desorption from 97% to 33% relative humidity.
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Figure 7.7: Dynamic hysteresis loop during a cycle of 33%-97%-33% relative humidity for 
the lime-sand brick. The left chart shows position 1, which is exposed to the 
boundary condition, the right chart shows position 2.

Figure 7.8: Dynamic hysteresis loop during a cycle of 85%-97%-85% relative humidity for 
the lime-sand brick. The left chart shows position 1 which is exposed to the 
boundary condition, the right chart shows position 2.
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Figure 7.9: Transient moisture storage data of the aerated concrete during adsorption from 
33% to 97% relative humidity.

Figure 7.10: Transient moisture storage data of the aerated concrete during the subsequent 
desorption from 97% to 33% relative humidity.
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Figure 7.11: Dynamic hysteresis loop during a cycle of 33%-97%-33% relative humidity for 
the aerated concrete. The left chart shows position 1, which is exposed to the 
boundary condition, the right chart shows position 2.

Figure 7.12: Dynamic hysteresis loop during a cycle of 85%-97%-85% relative humidity for 
the aerated concrete. The left chart shows position 1 which is exposed to the 
boundary condition, the right chart shows position 2.
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The experiments carried out for the building brick are less clear than those of
the calcium silicate. Due to the very low sorption isotherm which starts to strongly
increase not until relative humidities above 97%, the differences in moisture content
during the applied relative humidity steps are very small (see Tab. 5.2 on page 126). For
most measurement steps, they vary within the precision range of the employed TDR
sensors. This low hygroscopic moisture capacity causes the vapour to condensate
inside the relative humidity sensors when the high boundary humidity is applied. The
sensors report values of 100% relative humidity then, making part of the large step
data of position 1 infeasible.
Thus, the data to be shown
here is the hysteresis loop
obtained for position 2 of the
building brick during the large
step adsorption - desorption
cycle. It is given in Fig. 7.13
together with the static adsorp-
tion and desorption functions.
The hysteresis is visible but
less pronounced than the one
obtained from static experi-
ments. Dynamic effects are not
visible within the second com-
partment.
By means of Fig. 7.13, one of
the advantages of the applied
TDR technology becomes viv-
idly apparent. The building
brick provides a very low
hygroscopic moisture storage
function. The water content changes due to the applied boundary humidity step are
therefore very small. Nevertheless, it is possible to detect even these small differences
with the TDR sensors. This technology is therefore very suitable for this kind of
research where a high measurement precision is required.

The lime-sand brick and the aerated concrete are materials with very low mois-
ture conducting properties in contrast to the calcium silicate or the building brick. The
implications of the single experimental steps superimpose each other therefore much
more for these materials. In Fig. 7.5, the transient moisture storage data of the lime-
sand brick is given during the large step adsorption and in Fig. 7.6 for the large step
desorption experiment.
Fig. 7.5 shows, that the relative humidity of the bottom compartment (pos. 1) is quickly
increasing whereas the moisture content remains rather constant up to humidities of
85%. Here both, moisture content and relative humidity, rise, partly following the
static adsorption curve. However, this rather constant increase of both of them contin-
ues beyond the static adsorption curve leading to lower moisture content values than
this adsorption curve would provide. The other compartments show a similar behav-
iour taking lower moisture content values than the static adsorption curve. Only posi-
tion 2 behaves slightly different. Here, the moisture content starts to rise at a lower

Figure 7.13: Dynamic hysteresis loop of the building 
brick, position 2, during ad- and 
desorption from 33% to 97% to 33% 
relative humidity.
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relative humidity leading to transient moisture storage data which touches the static
adsorption function. This different behaviour is presumed to be due to the process his-
tory as the experiment did not start at equilibrium conditions (see schedule in Tab. 5.2
on page 126).
The subsequent desorption process, displayed in Fig. 7.6, shows the opposite behav-
iour. At all positions - although with varying significance - the relative humidity
decreases first before the water content follows. The corresponding hysteresis loops
are given in Fig. 7.7 for position 1 and 2. The hysteresis loops of the same positions dur-
ing the adsorption - desorption cycle of 85%-97%-85% relative humidity are shown in
Fig. 7.8. The comparison reveals again, that the difference between the transient
adsorption and desorption data is much more pronounced if larger gradients are
applied. In Fig. 7.7, the difference between both branches is already much smaller for
position 2 than for position 1. Looking at the small steps in Fig. 7.8 discloses, that the
hysteresis is almost vanishing for position 2 whereas it is relatively small for position
1. The same material behaviour has already been observed for the calcium silicate.
In Fig. 7.9, the data of the large step adsorption and in Fig. 7.10 the following desorp-
tion of the aerated concrete are given. Again, a shifting of the transient moisture stor-
age data in direction of higher relative humidity values can be observed for all
compartments. Due to the moisture transport properties of the aerated concrete, only
positions 1 and 2 denote a distinct moisture content increase. However, both positions
do also remain below the static adsorption curve. The subsequent desorption process
caused most compartments to follow the same branch as during the adsorption. Only
position 1 moves on a different path taking higher moisture content values for decreas-
ing relative humidities.
This becomes clearer when looking at Fig. 7.11 where the adsorption - desorption
branches during the large step experiments for the first two compartments are com-
pared. The left chart shows position 1. A distinct difference between transient adsorp-
tion and desorption is visible. For higher relative humidities, the adsorption branch
remains below the static curve. The transient desorption branch intersects with the
static adsorption curve but remains below the static desorption function. The dynamic
effect which is most pronounced for the calcium silicate appears to be much less inten-
sive for the aerated concrete. Moreover, the general hysteresis which is distinctive for
the static curves does not occur within the other compartments during the transient
experiments. The right chart in Fig. 7.11 shows the two branches for position 2 taking
almost the same values for both, adsorption and desorption.
Another comparison of aerated concrete ad- and desorption branches is given in Fig.
7.12. This data belongs to the boundary condition cycle of 85%-97%-85% relative
humidity. Here also two observations can be made. The first is, that the transient mois-
ture storage data generally remains below the static adsorption function during these
experiments for both positions and for both, adsorption and desorption branches. The
second is, that there occurs no hysteresis between the measured transient adsorption
and the desorption courses. In both positions, the desorption follows the same path as
the previous adsorption. This is even more astonishing as the primary hysteresis which
is measured by the static methods is very pronounced for the aerated concrete.

From the experimental results shown and discussed here, the following con-
clusions can be drawn: All performed experiments within the hygroscopic moisture
content range show that building materials under transient conditions do not strictly
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follow along the equilibrium stages determined by static methods. Dynamic effects are
visible in all experiments. However, the influence of these effects is different for differ-
ent materials. A narrow pore-size distribution and a high moisture conductivity leads
to very large deviations from the static behaviour as it is the case for the calcium sili-
cate. It seems that such materials are more susceptible to dynamic effects than materi-
als with a wider pore-size distribution and a lower moisture conductivity. This kind of
material behaviour has also been observed by Wanna-Etyem (1982) for soils with differ-
ent texture where fine-textured materials are less susceptible to dynamic effects.
However, the yet shown experiments comprise only the hygroscopic moisture content
range. The building brick and the calcium silicate have a very low hygroscopic mois-
ture capacity. The applied relative humidity steps could therefore barely be buffered
and caused thus a stronger moisture transport into the material. A faster moisture
transport process is though much more susceptible to transient effects. In contrast to
this, the aerated concrete and the lime-sand brick provide a high hygroscopic moisture
capacity. The applied humidity steps cause a distinct ad- or desorption of moisture
inside the material slowing the moisture transport processes down. The equilibrium
stages are therefore hardly achieved, not even for position 1, and the conditions of pre-
vious measurement steps superimpose the whole material behaviour. Therefore, the
above given thesis on susceptibility to dynamic effects may be discussed at the end of
this chapter, again, when data of the whole range of moisture contents is shown and
analysed.
It is very interesting, that this kind of material behaviour previously observed only for
much higher moisture contents does also apply for moisture transport phenomena
within the hygroscopic moisture content range. Besides the results presented by Plagge
et al. (2006b), this is the first evidence on dynamic effects occurring already at such low
moisture contents. Moreover, these results prove their presence in both, adsorption
and desorption processes whereas most literature on transient effects refers to desorp-
tion processes only. The presented data may therefore be very valuable for further
research beyond the scope of the current study. 
As it is focused on material model validation to reveal limits and options of the devel-
oped material modelling here, the data are evaluated by means of their current repro-
ducibility by numerical simulation. These calculations are based on the transport
theory briefly sketched in Chapter 2 and the material model introduced in Chapter 5.
The following paragraph will present and discuss the simulation results for these
hygroscopic moisture transport experiments.

7.1.2 Hygroscopic simulation results

The obtained experimental data indicate that the simulation results will hardly
follow the measured courses of relative humidity and water content. Neither the static
hysteresis, nor the dynamic influences are included into the transport theory of the
simulation program. The calculated material behaviour will hence follow along the
chosen static moisture storage functions typically leading to higher moisture contents
compared with the measured data. But before discussing the simulation results, some
details concerning the simulation specifications are given.
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The modelled material specimens have a width of 5cm, a height of 10cm and a depth
of 10cm. Width and height are discretised with a regular mesh allowing to calculate
heat and moisture transport in two dimensions. The initial conditions are assigned
according to the measured quantities for each position. The assignments thus follow
the five compartments with a height of 2cm each. The same is done for the output spec-
ifications. However, since the applied sensors have diameters of less than 1cm, mean
output values are taken from a height of 1cm at the centre of each compartment. An
illustration scheme is given in Fig. 7.14.
For the initial conditions, the problem exists that either relative humidity or moisture
content data can be allocated. The other quantity is then determined according to the
moisture storage function during the calculations. Hence, only one of these two quan-
tities can be assigned correctly as the measurement data revealed that the transient
data does not follow the static moisture storage functions. Since the water content is
the state variable which is of higher interest than the relative humidity, it is decided to
apply the measured water content as initial moisture state for each position. Conse-
quently, for some simulations, this leads to totally different initial relative humidities
than the measurements provided.
As boundary conditions, the measured tem-
perature of the climatic chamber is assigned
to all sides of the material sample except the
bottom side. There, the measured tempera-
ture and relative humidity inside the desic-
cator box is allocated. The heat transfer
coefficients are adjusted by following the
measured temperature profiles. For the
vapour transfer, the heat and mass transfer
analogy according to eq. (5.28) is applied.
To account for the hysteresis of the moisture
storage function, the static adsorption and
desorption curves are applied in depend-
ence on the occurring process. This means,
that the adsorption moisture storage func-
tion is assigned if an adsorption process is
simulated and the desorption moisture
storage function is assigned for the simula-
tion of a desorption process. As already
stated above, there is no hysteresis module
implemented into the simulation program,
yet. It is hence not possible to model the
transition from one process to the other. The
impact of this simplification becomes
clearly visible from the comparison of measured and simulated material behaviour.
Out of the investigated materials, the building brick and the calcium silicate possess
similar moisture properties within the hygroscopic moisture content range. Both mate-
rials have a low hygroscopic moisture capacity. The sorption isotherm forms its steep
increase not until very high values of relative humidity. And both materials have
rather high moisture transport properties. For this reason, both materials show also
similar measurement and simulation results. 
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Figure 7.14: Geometry and assign-
ments for simulation.
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Thus, for the following discussion, the simulation results of the calcium silicate are
chosen to be shown. The building brick exhibits the same kind of material behaviour
during the simulations. For the building brick, the fluxes are very small due to the
small water content differences within the hygroscopic moisture content range. The
visualisation of the calcium silicate data provides therefore a more vivid data basis
which is preferred for the discussion.
Fig. 7.15 shows the comparison of measured and calculated moisture content profiles
for the large step adsorption of the calcium silicate. The simulation results deviate from
the measurement in three aspects. First, the water absorption of the calculation pro-
ceeds much faster than during the experiment. Second, the maximum moisture content
occurring in position 1 is lower for the simulation than for the experiment. And third,
the distinct moisture profiles which develop during the experiment equilibrate quickly
during the simulation.
Comparing these results with those presented in Fig. 7.1 and Fig. 7.3 clarifies the calcu-
lated material behaviour. The discussion may be started with the first observed devia-
tion. The simulation has to follow along the applied adsorption moisture storage
function. This means, as soon as the relative humidity increases, the moisture content
must increase, too. Both are coupled via the transport properties which means, that
both, relative humidity and moisture content can only rise as quickly as the moisture
transport properties allow. Since these properties are rather high, a quick moisture
transport proceeds. Looking at the measured dynamic moisture storage function
shows though, that during the experiment, the relative humidity inside the first com-
partment increases much faster than the moisture content. This results in a relation
which is somehow shifted to higher relative humidity values staying below the static
adsorption function, see Fig. 7.1. The moisture potential gradient between the bound-
ary and the first compartment is therefore significantly reduced leading to a reduced
moisture transport into the material.
For the simulation, however, this is not the case. As the relative humidity inside the
first compartment increases slower than during the measurement, the potential gradi-
ent remains higher and, by that, also the resulting moisture transport rates. When
applying the static adsorption moisture storage function, the transport rates must
hence be higher than actually measured.
The second aspect, that a maximum moisture content is reached at position 1 during
the experiment which can not be achieved during the simulation, is due to the bound-
ary relative humidity. The calculated water absorption stops as soon as the equilibrium
with the boundary condition is reached, i.e. as soon as the equilibrium moisture con-
tent according to the adsorption moisture storage function is attained. This equilib-
rium moisture content is obviously lower than the one according to the measurement
conditions. As can be seen at the adsorption moisture storage function (see Fig. 7.1 or
Fig. 6.7), a very small change in relative humidity will cause a drastic change in mois-
ture content. The range around 97% of relative humidity is thus very sensitive to small
changes. When looking at the precision of the applied relative humidity sensors1, it is
likely that a small measurement error occurred although the sensors were calibrated at
three different relative humidities before and after the IPM experiments.

1. The producer specifies the precision with  and the reproducibility with  for the whole measure-
ment range. Refer to paragraph 3.2.2.2 Moisture potential measurement on page 80 et seqq. and to the final discus-
sion in paragraph 7.3.2 Discussion.

2%± 1%±



Hygroscopic moisture transport

175Validation of hygrothgermal material modelling under consideration of the hysteresis of moisture storage

Ultimately, the moisture profiles are the third significant difference between measured
and calculated material behaviour. This is again recognized to be due to the applied
moisture storage function. As the relation between potential and state variable is
assumed to be unique by the simulation, an equilibrating potential does automatically
result into an equilibrating state variable. For the treated example, the simulation
accesses only the one static adsorption moisture storage function. Assigned differences
as they come from the initial conditions, or implied differences as they result from the
boundary conditions equilibrate in dependence on the transport properties of the
material. For a material as the calcium silicate which has high moisture transport prop-
erties, these differences must equilibrate quickly. The finally reached moisture content
is corresponding to the boundary relative humidity according to the applied moisture
storage characteristic.
The integral water mass inside the calcium silicate during the large step adsorption
from 33% to 97% relative humidity is displayed in Fig. 7.16. The consequences of the
discussed influences which led to the deviations between measured and simulated
moisture content profiles become visible here, too. The calculated water mass increases
much faster than the measured one. This is due to the higher transport rates implied
by the higher potential gradients according to the static storage function. And the
totally absorbed moisture mass is higher according to the simulation. The reason for
this is that the calculated moisture transport processes continue until equilibrium is
reached. As one moisture storage function is valid for all compartments, this equilibra-
tion process is quickly completed as becomes visible at the bend of the integral water
mass curve in Fig. 7.16 or at the coincidence of the moisture profiles in Fig. 7.15, both
after around 4 days.

Figure 7.15: Measured and calculated data of the large step adsorption from 33% to 97% for 
the calcium silicate. Thick lines indicate the measurement whereas thin lines 
indicate the simulation results.
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Summarizing the hygroscopic adsorp-
tion, it has become evident, that the
simulation based on the static adsorp-
tion moisture storage function overesti-
mates both, the moisture transport
rates and the totally absorbed moisture
mass. The reasons for this behaviour
stem from the applied moisture storage
function which differs from the ones
obtained by the transient measure-
ments. Moreover, only one moisture
storage function is applied - the static
adsorption function. The experiments
revealed though, that different mois-
ture potential - moisture content rela-
tions occur for all compartments.
The distinct deviations between meas-
ured and calculated material behaviour
are connected to the particular range of
applied boundary relative humidity
and to the total step size. As long as the applied humidity step does not exceed the crit-
ical relative humidity at which the moisture storage function starts to increase rapidly,
the total differences between experiment and simulation are much less pronounced.
The simulation of the stepwise increases1 shows that the tendency of overestimation
still remains but the general impact, i.e. the total difference between measured and cal-
culated moisture mass is small. The dynamic effects which lead to the different mois-
ture potential and thus to the different transport rates are less pronounced for smaller
moisture potential, i.e. relative humidity steps.
The large step desorption from 97% to 33% relative humidity of the calcium silicate is
chosen to be the desorption example. The comparison of measured and calculated
material behaviour is given in Fig. 7.17. Again three aspects become visible from this
chart. The first two have already been observed during the adsorption. These are the
faster transport rates and the vanishing moisture profile of the calculated data. The
third aspect is not very pronounced here, though still interesting. It is the fact, that dur-
ing the experiment, the desorption process starts immediately in all positions -
although with different characteristics. During the simulation, the desorption starts
only in positions 1 and 2. The upper three compartments, especially position 3 and 4,
exhibit a moisture increase first before the desorption process initiates there, too.
At the first moment, the faster desorption at positions 1 and 2 is surprising. During the
adsorption experiment, the relative humidity increases first and quickly before the
moisture content follows - as the measurement results of Fig. 7.1 and Fig. 7.3 reveal.
This leads to a reduction of the moisture potential gradient, and by that to a reduction
of the moisture transport force. The consequence is a reduced moisture transport rate.
The simulation though, which strictly follows the static adsorption curve, does not
include this dynamic effect. The calculated adsorption moisture transport rates are
therefore higher than the measured ones, see Fig. 7.15 again. 

1. Refer to Tab. 5.2 on page 126 for the applied hygroscopic boundary condition steps.

Figure 7.16: Integral water mass inside the 
calcium silicate during the 
large step adsorption.
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In contrast to these observations, the
desorption process exhibits the oppo-
site effect - as the results given in Fig.
7.2 and Fig. 7.3 underline. The relative
humidity at position 1 decreases very
quickly before the moisture content
follows this trend. The moisture trans-
port force inside the material is thus
increased during the experiment. The
simulation, which is done by assign-
ing the static desorption moisture
storage characteristic to all compart-
ments, has to follow this desorption
function strictly. It is hence expected
that the calculated transport rates
underestimate the actual material
behaviour. When looking at the data
pictured in Fig. 7.17, this is obviously
not the case. Therefore, additional
information as the integral water mass
versus time course and the relative
humidity distribution are consulted as
follows.

Figure 7.18: Integral water mass inside the 
calcium silicate during the 
large step desorption.
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Figure 7.17: Measured and calculated data of the large step desorption from 97% to 33% for 
the calcium silicate. Thick lines indicate the measurement whereas thin lines 
indicate the simulation results. Note that only the first 2.8 days are displayed.
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When comparing the courses of measured and calculated integral moisture mass as
shown in Fig. 7.18, it becomes visible, that these courses do not differ as strongly as
expected from the compared moisture content profiles. But still, the simulation over-
estimates the transport rates leading to a faster moisture mass decrease than during the
experiment. The general impact on the integral moisture content changes appears to be
less pronounced, but the tendency of overestimation remains.
For further comprehension, the discussion may include also the relative humidity pro-
files. The comparison of measured and calculated relative humidity courses during the
large step desorption of the calcium silicate is shown in Fig. 7.19. One can see, that the
calculated relative humidity at position 1 follows the measured course quite well. The
relative humidities of the other compartments decrease faster during the simulation
than during the measurements. However, another very interesting material behaviour
becomes apparent. The measured relative humidity profiles do neither equilibrate
within the shown duration of 10 days, nor do they within 40 days. A difference of
almost 10% of relative humidity remains already between the boundary condition and
the measurement position of the first compartment. Within the upper compartments,
an equilibrium relative humidity establishes which is 30% higher than the applied
boundary relative humidity.
During the experiment, a distinct decrease of relative humidity occurs only within the
first compartment. The other compartments follow with a clear delay and establish an
explicit profile between 60% and 70% of relative humidity. The same material behav-
iour is also observed during the other stepwise decrease experiments. During desorp-
tion from high to low relative humidities, a profile establishes which does not

Figure 7.19: Measured and calculated relative humidity data of the large step desorption from 
97% to 33% for the calcium silicate. Thick lines indicate the measurement 
whereas thin lines indicate the simulation results.
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equilibrate with the boundary condition. The profile is the more pronounced the lower
the applied boundary humidity is. The humidity difference between the upper com-
partments and the boundary conditions is 10% to 15% for a desorption from 85% to
58% of relative humidity whereas it is 20% to 30% for the desorption from 58% to 33%
of relative humidity. The large step desorption from 97% to 33% which is shown in Fig.
7.19 causes a profile of the same order of magnitude. 
During the adsorption processes though, this behaviour has not been observed. At all
adsorption steps, the relative humidity inside the material specimen approaches the
boundary condition. Moreover, the experiments performed on the building brick show
exactly the same phenomena, i.e. equilibrating relative humidity profiles during
adsorption and not equilibrating relative humidity profiles during desorption proc-
esses.
It is concluded, that for materials with a low hygroscopic moisture capacity, small dif-
ferences in relative humidity do not equilibrate completely. The actual transport rates
inside the material reduce at a stage where the simulation based on a static moisture
storage function will still exhibit a considerable moisture transport. The higher trans-
port rates occurring during the calculation are hence due to the equilibrating relative
humidity and the implied transport processes. The simulation approaches only one
equilibrium stage which is defined by the moisture storage function. Therefore, all
positions will attain this level during the calculation and no moisture profile will
remain. The duration is only depending on the moisture transport properties within
the treated moisture content range which are rather high for the calcium silicate. The
measurements, however, show, that different equilibrium stages exist in dependence
on the process and probably also on the process history which do not smooth out.
Another interesting observation can be made by the comparison of measured and cal-
culated desorption data shown in Fig. 7.17. A redistribution of moisture occurs in the
upper compartments at the beginning of the simulation which is not visible in the
measured data. The change in boundary humidity and the corresponding switch from
an adsorption to a desorption process does apparently affect the whole material sam-
ple. As the simulation defines only one equilibrium stage for all compartments, the ini-
tial moisture content profile is compensated in the upper compartments while the
desorption proceeds at the boundary. This is understood as another indication that
there exist many different stages of equilibrium. One static moisture storage function
is not able to correctly reproduce this material behaviour.

For the calcium silicate and the building brick, the following observations on
the moisture transport behaviour within the hygroscopic moisture content range can
be made by means of the given simulation results:

• Observations during the adsorption processes:
- The calculated adsorption proceeds too fast.
- The simulation equilibrates all moisture profiles in dependence on 

the boundary condition.
- The totally absorbed moisture mass is sensitive to the slope of the 

moisture storage function in the range of the boundary relative 
humidity.
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• Observations during the desorption processes:
- The calculated desorption proceeds too fast.
- The simulation equilibrates all moisture content and moisture 

potential profiles in dependence on the boundary condition.
- The distinctly measured profiles of relative humidity can not be 

reproduced by the simulation.

From these observations, the following is concluded. There exist many different equi-
librium stages depending on the process and its history. These stages can not be repro-
duced by one single moisture storage function which is the reason why the calculated
water content profiles do not correspond with the measured ones. The non-equilib-
rium stages which occur during transient processes are not included into the transport
theory. The moisture potential gradients are always calculated on the basis of the static
moisture storage function. This is recognized to be the main reason why the transport
rates are not correctly simulated since the transport function is directly determined by
the basic steady state data from vapour diffusion measurements within the hygro-
scopic moisture content range.
However, the simulation reproduces the general tendencies correctly. Deviations
between measured and calculated integral water masses remain, but they should not
be over-interpreted for two reasons. First, the absolute moisture contents are very low
which is the reason why small differences become more pronounced. For instance, the
absolute difference between measured and calculated water absorption during the
large step from 33% to 97% relative humidity is around 1g of water for a specimen with
dimensions of 10x10x5cm³. And second, the data revealed a number of effects which
are not yet included into the transport theory. Bearing this in mind, the obtained sim-
ulation results are fairly acceptable.

Although the lime-sand brick and the aerated concrete are not as similar as the
building brick and the calcium silicate by means of their hygroscopic moisture capacity
and their moisture transport properties, they are close enough to be combined to a sec-
ond material group for the data evaluation. It was hence intended to show the results
of only one of them being representative for this material group. However, their sim-
ulation performance appeared to be totally different. For this reason, the simulation
results of both building materials are shown and discussed as follows.
First, the results of the lime-sand brick are presented. Due to the highest content of
information, again the large step experiments are chosen to be presented and dis-
cussed. Fig. 7.20 shows the moisture content profiles during the large step adsorption
from 33% to 97% relative humidity for the lime-sand brick. As before, the thick lines
represent the measured data whereas thin lines show the calculated profiles. Position
1 corresponds with the bottom compartment which is exposed to the boundary condi-
tion, position 5 belongs to the upper compartment of the material specimen.
The comparison of measured and calculated water contents reveals two main devia-
tions: the calculated moisture transport rates are apparently much lower than those
occurring during the experiment and the maximum moisture content reached during
the simulation is higher than the measured one. At position 1, the general tendency is
reproduced quite well. However, the absolute moisture content at the end of the exper-
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iment is higher during the simulation than during the measurement. The reason for
this deviation stems from the equilibrium moisture content of the applied adsorption
moisture storage function which corresponds with the boundary relative humidity.
This phenomenon has already been observed for the calcium silicate and the building
brick. A small change in boundary humidity causes a large change in the equilibrium
moisture content due to the steep slope of the moisture storage function in this humid-
ity range. The high moisture content in position 1 at the end of the experiment is thus
a consequence of the applied moisture storage function and the boundary relative
humidity data.
The deviating moisture profiles are though difficult to explain. The difference between
static and transient moisture storage data, as shown for this experiment in Fig. 7.6,
would partly explain a faster calculated moisture transport. Since here the opposite
behaviour appears, the moisture potential can not be the reason. The moisture trans-
port properties applied for the calculation do hence not represent those of the investi-
gated material specimen. This means in particular, that in the moisture content range
of , the applied liquid water conductivity is too low. On the other
hand, the first compartment follows the measured course with rather good agreement.
The simulation reproduces therefore the vapour transfer and the moisture transport
within the first compartment quite well. 
The integral water mass curves according to the experiment and the simulation are
shown in Fig. 7.21. One can see in the left chart, that these curves do not deviate as sig-
nificantly as the water content profiles do. Within the first 10 days of adsorption, the
calculation follows the measured course. Then the simulation starts to exhibit a con-
stantly lower mass increase. Nevertheless, both curves differ with around 5g of

Figure 7.20: Measured and calculated water content data of the large step adsorption from 
33% to 97% of relative humidity for the lime-sand brick. Thick lines indicate the 
measurement whereas thin lines indicate the simulation results.
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adsorbed water at the end of the experiment after 28 days. The adjusted moisture trans-
port functions may hence underestimate the actual transport rates. Before further dis-
cussing this observation, the simulation of the large step desorption from 97% to 33%
relative humidity is supposed to be evaluated.
The integral water mass curves for the large step desorption process are given in the
right chart of Fig. 7.21. The calculated desorption follows the measured course almost
perfectly. In contrast to the adsorption, the simulation is able to reproduce the integral
water mass curve for the whole experiment duration here.
When looking at the comparison of measured and calculated moisture content profiles
though, the agreement between the integral curves appears to be the sum of over- and
underestimating the moisture transport rates within the material specimen. Fig. 7.22
shows the moisture content profiles for the large step desorption of the lime-sand brick
where the calculated water content deviates in both directions from the measured data.
The measured water content at position 1 exhibits a fast decrease at the beginning of
the experiment which is passing over into a rather constant slope until the 10th day.
Here, another smooth bend reduces the slope of the curve which remains until the end
of measurement. The calculated water content course looks rather different. The initial
decrease starts with a small delay but stays much longer leading to a significantly
lower moisture content than the measured position 1. Between the second and the
fourth day, the water content curve follows a smooth bend. It decreases until the end
of the experiment with a further decreasing slope. The taken moisture content values
stay below the measured data.
Except for position 5, the measured desorption process begins immediately in all com-
partments as soon as the low boundary humidity is applied. The absolute desorption
rate is different, it decreases with increasing distance from the bottom. The calculated
water contents of positions 2 and 3 show the same tendency, but much less pro-
nounced. Within the second compartment, it takes around five days until the distinct
desorption starts. At position 3, this behaviour is even more delayed and smoothed.
The calculated curves of both, position 2 and 3, intersect with the measured data.

Figure 7.21: Integral water mass inside the lime-sand brick during the large step adsorption 
(left chart) and during the large step desorption (right chart).
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The measurement of the upper compartment shows, that an adsorption still proceeds
there. The inner compartments desorb in both directions. The simulation slightly over-
estimates this effect for position 5. However, for position 4, the same behaviour occurs
during the calculation. Although a desorption process starts there after 20 days, the
moisture content is generally overestimated for position 4 by the simulation.
The calculated fast desorption at the bottom compartment is obviously compensated
by redistribution processes within the other compartments leading to a satisfying
agreement between measured and calculated integral moisture content. The actual
moisture profiles and the local transport rates inside the lime-sand brick can not be
reproduced correctly by the simulation. And this although the calibration in Fig. 6.15
shows an almost perfect agreement between measurement and simulation.
Summarizing the performance of the lime-sand brick within the hygroscopic moisture
content range, it can be stated that it is generally not possible to follow the measured
moisture profiles in detail. The integral water content can be reproduced for around 8
days during the adsorption and for the whole measurement period during the desorp-
tion process. The observed deviations can not be explained by the non-uniqueness of
the moisture storage characteristic alone. In fact, the liquid water conductivity is
underestimated within the corresponding range of moisture contents. This may be
partly an effect of the calibration procedure where unsteady state experiments are sim-
ulated on the basis static moisture storage data to adjust the moisture transport func-
tion. The material variability may be another reason for the observed deviations.

Figure 7.22: Measured and calculated water content data of the large step desorption from 
97% to 33% of relative humidity for the lime-sand brick. Thick lines indicate the 
measurement whereas thin lines indicate the simulation results.
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The aerated concrete, although possessing similar material properties by
means of hygroscopic moisture capacity and moisture transport, behaves significantly
different than the lime-sand brick. Fig. 7.23 shows the comparison of measured and
simulated water content data during the large step adsorption. The calculation gener-
ally follows the measured curves but overestimates the transport rates. The water con-
tent level at the end of the experiment is higher for the simulation than for the
measurement. This is again due to the equilibrium moisture content of the applied
adsorption moisture storage function which corresponds with the boundary relative
humidity.
The higher calculated transport rates can either be due to the moisture transport func-
tion or to the deviating moisture storage data. When comparing the measured mois-
ture storage data with the static curves, see Fig. 7.9, it becomes apparent that a
calculation based on the static adsorption curve would yield different results. The
measured transient adsorption curves take lower moisture content values at higher rel-
ative humidities compared to the static curve. Thus, the moisture potential equilibrates
faster during the experiment leading to smaller gradients and, by that, to smaller trans-
port rates. The simulation though, strictly following the static adorption curve, pro-
vides a more pronounced relative humidity profile until the equilibrium with the
boundary condition is reached in all compartments. The calculated transport rates
must therefore be higher than the measured ones if the observed dynamic effects
occur.
In Fig. 7.24, the integral water mass curves of the large step adsorption (left hand side)
and the large step desorption (right hand side) are given. The left chart shows that the
difference between measured and simulated integral moisture mass is rather small

Figure 7.23: Measured and calculated water content data of the large step adsorption from 
33% to 97% of relative humidity for the aerated concrete. Thick lines indicate the 
measurement whereas thin lines indicate the simulation results.
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within the first 4 days, but it increases with increasing duration. This underlines the
given explanation as the moisture potential gradients are high in the beginning of the
experiment for both, measurement and simulation. The equilibration proceeds though
much faster in the experiment which can not be reproduced by the simulation. 
At the right hand side of Fig. 7.24, the integral desorption curves are shown. The cor-
responding moisture content profiles are displayed in Fig. 7.25. Here, the opposite
effect appears. The calculated integral moisture mass curve follows the measured one

Figure 7.24: Integral water mass inside the aerated concrete during the large step adsorption 
(left) and the large step desorption (right).
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Figure 7.25: Measured and calculated water content data of the large step desorption from 
97% to 33% of relative humidity for the aerated concrete. Thick lines indicate the 
measurement whereas thin lines indicate the simulation results.
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again for the first couple of days. Then it deviates, underestimating the actual transport
rates. In Fig. 7.25, the water content within the first compartment corresponds well
between measurement and simulation. At position 2, the calculated moisture content
decrease is overestimated within the first two days whereas it is underestimated there-
after. The other compartments exhibit an increasing water content within the same
period before they start to desorb. In general, this desorption proceeds much slower
than the measured profiles indicate. After twelve days, which is the maximum of the
time label in Fig. 7.25, the measured moisture profiles are in equilibrium. In Fig. 7.24,
the simulation reaches this stage not before the 30th day.
Since both experiments comprise the same range of moisture contents and relative
humidities and since the simulation of one process overestimates and of the other
underestimates the transport rates, the moisture transport functions can not be the rea-
son of the deviations. In fact, these deviations are an effect of the applied moisture stor-
age functions which do not correspond with those measured during the transient
experiments.
In contrast to the lime-sand brick, the dynamic effects can be clearly identified as the
reason for the observed deviations between measurement and simulation of the aer-
ated concrete. The shifted moisture storage characteristics lead to quickly decreasing
moisture potential gradients for the adsorption and to increasing gradients for the des-
orption. Applying the static curves must hence overestimate the transport rates during
adsorption processes and underestimate them during desorption processes. This can
be particularly found at the given comparison between measurement and simulation
of the aerated concrete. Although the general transport tendencies are followed, the
total transport rates and thus also the developing moisture profiles can not be repro-
duced correctly by the simulation.

7.1.3 Concluding hygroscopic assessment

The measured transient moisture storage data provides evidence of the non-
uniqueness of the moisture potential - moisture content relation. Under transient con-
ditions, the moisture potential reacts quickly to the applied boundary condition lead-
ing to significant deviations in the potential - state variable configuration compared
with the static case. The presented measurement results therewith confirm the obser-
vations of previous authors which are briefly reviewed as follows.
It was already witnessed by Topp et al. (1967) and by Smiles et al. (1971), that the size of
the applied moisture potential gradient significantly influences the relation between
moisture potential and moisture content under transient conditions. Both author con-
sortia used a combination of gamma ray attenuation and tensiometers to perform
instantaneous profile measurements on a sandy soil. Their results indicate, that the
higher moisture potential gradients are imposed on the transient experiments, the
larger is the deviation from the static moisture potential - moisture content relation. For
small and constant, i.e. steady state, gradients though, the transient curves are very
close to the static ones. Fig. 7.26 shows a reproduction of Figure 2 according to Topp et
al. (1967) where these effects become clearly visible.
Stauffer (1977), who performed instantaneous drainage experiments on fine-textured
sandy soils, confirmed the results of Topp et al. (1967). Stauffer has found that the capil-
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lary pressure - water content relation is dependent on the flow state. The same water
content is assigned to higher capillary pressures under transient conditions than for
the static case. He has formulated a generalized form of the capillary pressure - water
content relation and has developed a first approach to account for this dynamic behav-
iour. In a final discussion, Stauffer (1977) relates these dynamic effects to hydrody-
namic changes in the meniscus curvature and to the relation of main drainage direction
and pore orientation.
A comprehensive experimental study on dynamic effects for both, wetting and drain-
age, was conducted by Wanna-Etyem (1982). He investigated four soils with varying
grain size and texture. For all experiments, dynamic effects are observed. Their signif-
icance is dependent on the type of soil indicating that fine-textured soils are less
affected than coarse textured soils. Probably as the first, Wanna-Etyem (1982) was able
to prove the flow rate dependence to apply also for wetting processes.
Further experimental evidence is provided by Plagge (1991), Malicki et al. (1992) and
Sobczuk et al. (1992), and later by Plagge et al. (1999), who investigated fine-textured soils
with a new developed IPM technology based on TDR sensors for water content and
tensiometers for moisture potential measurement. The performed drainage experi-
ments exhibit a flow rate dependence of the moisture content - moisture potential rela-
tion under transient conditions. The stronger the gradient is, the larger is the shift of
the moisture potential in direction of higher capillary pressures.
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Figure 7.26: Water content versus pressure head data of a sand according to Topp et al. 
(1967). Comparison of drainage measurements under static, steady state and 
unsteady state conditions visualizing the influences of the process dynamics.
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Fig. 7.27 shows a reproduction of Fig.
2 according to Plagge et al. (1999)
where transient water potential data
is plotted versus the water content for
a fine-textured soil. The measurement
was conducted with a similar IPM set-
up as used for the present study. The
water content was measured with
TDR probes whereas the moisture
potential was measured with tensi-
ometers. The saturated specimens
were drained either by a forced evap-
oration or by an applied suction via a
ceramic plate providing various gra-
dients in different moisture ranges.
The sensor positions indicate the dis-
tance from the boundary condition.
This means 1cm for position 1, 5cm
for position 5 and 7cm for position 7.
The dynamic effects are clearly recog-
nizable in Fig. 7.27, too. The measured
data of position 1 provides the highest
water contents for a given moisture
potential. At this position, also the
highest moisture potential gradients
occur. The higher the gradient, the
more moisture is retained in the mate-
rial.
The IPM technology developed by Plagge (1991) was also applied to a building mate-
rial, as reported by Plagge et al. (2006a), Plagge et al. (2006b), Scheffler et al. (2006) and
Scheffler et al. (2007-b). They examined a calcium silicate insulation material similar to
the one investigated here in a series of adsorption and desorption experiments. Their
results revealed the existence of dynamic influences on the moisture content - moisture
potential relation to occur not only for high degrees of saturation, but also within the
hygroscopic moisture content range. Moreover, dynamic behaviour was observed dur-
ing adsorption and desorption processes. 
The review shows, that dynamic effects, as they became visible by means of the pre-
sented hygroscopic data, have also been observed by other authors in previous studies.
However, most of these authors are related to Soil Sciences whereas in Building Phys-
ics, the dynamic influences have not yet been the subject of a broad discussion. This
discussion has started now with the presented measurement and simulation results.

The comparison between measurement and simulation revealed a number of
deviations. These regard the absolute values of absorbed or desorbed moisture as well
as the particular water content profiles developing inside the specimens. Not all inves-
tigated building materials exhibited the same behaviour though. In fact, different
effects superimpose depending on the material and its hygric properties. These are dis-
cussed above and may be summarized as follows.

Figure 7.27: Transient capillary pressure 
versus water content data of a 
fine-textured soil according to 
Plagge, Renger & Häupl (1999). 
The position numbering indicates 
the distance from the boundary 
condition in [cm]. Position 1 
which is exposed to the highest 
moisture potential gradients 
provides the highest moisture 
contents for a given potential.
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The calcium silicate and the building brick are materials with a low hygroscopic mois-
ture capacity and high moisture transport properties. Their performance is similar and
is hence discussed for both of them on the basis of the calcium silicate data. Two effects
are clearly observed: the process dynamics and the not equilibrating relative humidity
profiles during hygroscopic desorption. The process dynamics have already become
visible in the dynamic moisture storage curves. Disregarding them during the simula-
tions leads to higher transport rates for the adsorption and to lower transport rates for
the desorption process. The effect of not equilibrating relative humidity profiles super-
imposes the desorption as the simulation approaches the assigned equilibrium condi-
tion for both, relative humidity and water content. The moisture potential differences
are therefore larger during the simulation than during the measurements resulting in
higher transport rates for the simulation. The desorption process can hence be repro-
duced quite well for these materials.
The similarity of the hygric storage and transport characteristic between the aerated
concrete and the lime-sand brick does not lead to similar simulation results. The per-
formance of the lime-sand brick is different. The integral water absorption can be
reproduced for the first couple of days. Then, the simulation starts to underestimate
the absorbed amount of moisture which is in contrast to the observed dynamic mois-
ture storage data and the effects this would imply. The calculated desorption follows
the measured course with satisfying agreement. For both processes, however, the cal-
culated moisture profiles do not correspond with the measured data. 
The material behaviour of the lime-sand brick is much more complex than for the other
materials. Due to the low moisture transport properties, the actual equilibrium stages
are never reached. The hygric performance of the lime-sand brick is a complex super-
position of non-equilibrium stages that influence each other. The transport function is
adjusted during the calibration procedure. This procedure is based on two unsteady
state flow experiments comprising one configuration of transient states which do
hardly correspond with those passed during the hygroscopic ad- and desorption
experiments. The mixture of different static, steady state and unsteady state data for
the adjustment procedure is hence another reason for the observed deviations.
The calculations performed for the aerated concrete visualize the dynamic influences
most distinctively. The simulation overestimates the moisture transport during the
adsorption and underestimates it during the desorption experiments. Beyond these
deviations, the calculated water content profiles are rather close to the measured ones.
The measured effect of not equilibrating relative humidity profiles is much less pro-
nounced for the aerated concrete which is the reason why the dynamic effects are not
as intensively superimposed as for the brick or the calcium silicate.
The simulation results can ultimately be generalized as follows. On the one hand, it is
observed that the general tendencies of moisture transport are followed correctly. On
the other hand, the moisture profiles in general and the absolute values of absorbed or
desorbed moisture for many cases can not be reproduced with satisfying agreement.
The influence of the moisture storage function is very significant since most deviations
between measurement and simulation are a consequence of deviating moisture poten-
tial - water content relationships under transient conditions. In addition, for materials
with low moisture transport properties, the process history sustainably influences this
relationship. The other reason for observed differences is the remaining of not equili-
brating relative humidities which occur especially during desorption processes of the
materials with very low hygroscopic moisture capacities. 
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For the assessment of the applied material model, the distinction between material
modelling and transport theory which is made at the very beginning of Chapter 2 may
be highlighted, again. Task of material modelling is to derive storage and transport
functions from measured basic material data which can be used for numerical simula-
tion. However, material modelling is always dependent on the transport theory into
which it is embedded. Simplifications at the transport theory level affect also the qual-
ity which can be achieved by the material model. This is very important since the pre-
sented measurement as well as simulation data clearly show the impact of such
simplifications on the transport theory level. Neither the influence of the process his-
tory, nor the implications of its dynamics are included there. The simulation applies
only one moisture storage function for any process. 
The discussion reveals that the non-uniqueness of the moisture storage characteristic
is the main reason for the observed deviations between measurement and simulation.
Within the frame of the current configuration, it is the transport theory which limits the
precision of hygrothermal calculations. It is very difficult to assess the material model
detached from the transport theory and, in addition, it is not reasonable. However, it
is one of the current objectives to develop such an assessment. Based on the presented
hygroscopic experiments, the following conclusions on the material model are there-
fore drawn.
The material model itself is very suitable to describe moisture transport processes
within the hygroscopic moisture content range since it combines the information of a
number of different types of experiments as sorption, vapour diffusion, water uptake
and drying measurements. Moreover, the material model is open for further develop-
ments on the transport theory level. The current model provides a stable basis for the
material behaviour description despite the observed deviations between measurement
and simulation. However, before continuing this discussion, the results for the overhy-
groscopic moisture content range are to be shown and discussed. This is the subject of
the following paragraph.

7.2 Overhygroscopic moisture transport

The experiments within the overhygroscopic moisture content range consist of
three components: water uptake, equilibration and drying. In paragraph 5.3.2 Measure-
ment set-up for the overhygroscopic moisture range on page 127 et seqq., the measurement
schedule as well as the experimental set-up are introduced. Only the water content is
measured for these experiments. Transient moisture storage data as it is presented for
the hygroscopic moisture content range can not be evaluated here. However, the com-
parison of measured and calculated water content profiles opens a new and interesting
perspective on the moisture transport and its dependencies.
For this paragraph, a further subdivision is not conducted as it appears to be of less
importance to discuss the measured results detached from the simulation. Two inter-
esting effects which become visible at the measured water content profiles are high-
lighted within the frame of the general discussion.
The simulations are performed in the same way as before. Initial and boundary condi-
tions as well as the output specifications are assigned as described at the beginning of
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paragraph 7.1.2 Hygroscopic simulation results and illustrated in Fig. 7.14. The material
data is assigned according to the measured data. This means, if an adsorption process
occurs within one compartment, the adsorption moisture storage function is assigned
and if a desorption proceeds, the desorption moisture storage function is used for the
simulation. For those experiments where a water uptake is followed by a distribution
period, the material data is partly reassigned at the end of the water uptake period.
In contrast to the hygroscopic experiments, the overhygroscopic results of one material
group are very similar. The presented results are therefore reduced to two materials:
the building brick for the one and the aerated concrete for the other material group.
Out of the experimental runs of each material, one water uptake and subsequent dis-
tribution period and one drying period are selected for the building brick. These are
discussed as follows.

Fig. 7.28 shows measured and calculated water content profiles of the building
brick. For the first 20 minutes, water contact is applied to the bottom side of the speci-
men. Then, this side is also sealed and the material is left with a no-flow boundary con-
ditions at all sides. During the simulation of the water uptake phase, the adsorption
function is assigned to all compartments. Afterwards, the desorption function is
assigned to compartments 1 and 2 according to the material behaviour of the measured
data.
The comparison of measured and calculated profiles in Fig. 7.28 reveals three main dif-
ferences. The first is the total amount of absorbed water, the second is the signal veloc-
ity with which the water front moves into the sample, and the third is the developing
moisture profile. 

Figure 7.28: Measured and calculated water content data of the second water uptake and 
subsequent equilibration period for the building brick. Thick lines indicate the 
measurement whereas thin lines indicate the simulation results.
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Starting with the latter observation, it becomes apparent that the measured data forms
a distinct moisture profile with different remaining water contents in all compart-
ments. During the simulation though, the developing profiles equilibrate to only two
different moisture contents at the end of the experiment. As only two different mois-
ture storage functions are applied, namely the adsorption characteristic for compart-
ments 3, 4 and 5 and the desorption characteristic for compartments 1 and 2, only two
different water contents can remain as soon as the capillary pressures have equili-
brated. This deviation from the measured data is a consequence of the applied mois-
ture storage functions which define the equilibrium states for ad- and desorption
processes. The measured data shows, that the conditions inside the brick do not neces-
sarily approach one of these states.
The second aspect is the signal velocity, i.e. the velocity with which the moisture front
moves into the material sample. The calculated water content profiles react much
faster than the measured ones, as can be seen at positions 3, 4 and 5 in Fig. 7.28. This
effect is closely connected to the third observation that the calculated water uptake is
higher than the measured. The transport rates are overestimated by the simulation
which becomes even more apparent when looking at the integral water content versus
time curve in Fig. 7.29.
Here, only twelve hours are depicted
where water contact is applied during
the first 20 minutes. The calculated
water absorption proceeds clearly too
fast leading to an absorbed water mass
which is almost twice as high as during
the measurement.
There exist two possible explanations
for this calculated material behaviour.
On the one hand, air entrapment can be
the reason for the reduced water
absorption during the measurements.
And on the other hand, dynamic effects
can be their cause.
It was shown by different authors that
the entrapment of air can significantly
reduce the amount of absorbed water
during a water absorption experiment,
as already discussed under paragraph
2.1.4 Remarks on heat, air and moisture
transport as well as under paragraph
3.1.5 Water uptake experiment. According to Schultze et al. (1999), a significant portion of
the dynamic effects they have observed are caused by non-negligible air flow resist-
ances. The top sealing of the specimens which are investigated for the present study is
therefore pierced to allow air pressure equilibration. However, the experiments alter-
nate between water uptake, distribution and drying processes. The data shown in Fig.
7.28 and Fig. 7.29 belong to an experiment which starts after previous water uptake,
distribution and drying periods. During the first water absorption, the air pressure can
surely equilibrate with the atmosphere due to the pierced sealing. However, for the
presented experiment, a considerable amount of water is already inside the specimen.

Figure 7.29: Integral water mass inside the 
building brick during the second 
water uptake and subsequent 
distribution period.
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Air entrapment can therefore occur between the water profile which has already estab-
lished during the previous experiments and the penetrating water front of the current
one. As a consequence, the absorption process is slowed down during the experiment
and the simulation which does not include the air mass balance overestimates the
absorbed amount of water.
If air entrapment is the reason for this overestimation, the initial water uptake would
have to provide different results. This is not the case. In fact, the simulated water
absorption is overestimated by the same amount of water for all three water uptake
experiments and no difference is observed between the initial and the other absorption
processes. The air flow resistance may hence not be the reason for the witnessed differ-
ences between measurement and simulation. Instead, dynamic influences are their
actual cause.
According to the general effects the process dynamics imply, the water transport rates
are reduced during adsorption and increased during desorption processes. The simu-
lation which does not include these effects must overestimate adsorption and under-
estimate desorption processes. The obtained water uptake results perfectly correspond
with this explanation.
The integral water mass curves for the
final drying experiment of the building
brick are given in Fig. 7.30. Here, the
opposite behaviour can be observed.
The measured water mass decreases
much faster than the calculated over a
large period of time. Not until approxi-
mately the 20th day, the calculated
curve corresponds with the measured
one. The observed drying behaviour
therefore supports the given explana-
tion that dynamic effects are the reason
for the deviations between measured
and calculated material behaviour.
Fig. 7.31 shows the water content pro-
files of the building brick drying.
Except for position 2, all calculated
water content profiles differ signifi-
cantly from the measured data. Posi-
tion 1 exhibits a drying which is faster
during the simulation than during the measurement. In addition, the calculated
remaining water content is significantly lower than the measured. The calculated
water content curves of positions 3, 4 and 5 increase during the first two days before
they start to decrease. The measured data start to decrease immediately at the begin-
ning of the experiment. Moreover, the distinct water content profile which establishes
in the range of  is not such clearly reproduced by the simulation,
although a similar behaviour is discernible at lower water contents.
The calculated redistribution process at the beginning of the experiment causing a
water content increase for positions 3, 4 and 5 is a consequence of the assigned mois-
ture storage function. The experiment reaches an equilibrium stage where a distinct

Figure 7.30: Integral water mass inside the 
building brick during the final 
drying period.
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water content profile remains inside the material specimen. A further distribution does
not occur. The changed boundary condition into evaporation at the bottom surface can
therefore imply a desorption process for the whole specimen. During the simulation,
this is different. There, only one equilibrium criterion, i.e. one moisture storage func-
tion, is applied. As this is the same for all compartments, the assigned initial moisture
contents cause a non-equilibrium condition by means of moisture potential which is
superimposed by the implied drying process. The initial redistribution within the
upper compartments is thus a consequence of the circumstance that the simulation
implies only one criterion for the hygric equilibrium.
Although position 1 is drying too fast, the water transport inside the brick is underes-
timated for a large range of time. Bearing in mind the hygroscopic data, two effects
interact here, too. One is the process dynamics which is already discussed above and
is seen as the main reason for the deviating moisture transport rates. The other is the
remaining relative humidity profile which is most pronounced for the desorption of
the calcium silicate and the building brick. Unfortunately, no moisture potential data
is available for the present experiment. But it is likely that the same behaviour occurs
during this desorption process, too. The different water contents in position 1 at the
end of the experiment indicate that another system state is reached here than the one
the simulation assumes, i.e. the equilibrium with the boundary relative humidity
according to the desorption moisture storage function. For this reason, the calculated
drying ends at a lower water content than the measurements provide. Moreover, the
moisture transport rates which are underestimated for the first 20 days are overesti-
mated by the simulation at the end of the experiment due to the higher moisture poten-
tial gradients that occur when no relative humidity profile remains. This becomes
visible in Fig. 7.30, too.

Figure 7.31: Measured and calculated water content data of the final drying for the building 
brick. Thick lines indicate the measurement whereas thin lines indicate the 
simulation results.
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The overhygroscopic experiments of the building brick revealed that the current com-
bination of transport and material modelling is able to generally follow the measured
data, especially for the drying process. It is, however, not able to correctly describe the
different moisture transport processes in detail. The main reason of the observed devi-
ations between measurement and simulation is the incorrectly described moisture
potential - water content relation which appears to be significantly influenced by the
process dynamics. The consequence is a number of different equilibrium states and
thus also different induced transport rates. But before continuing the discussion on the
material model, the results of the aerated concrete are to be shown as follows.

The measured data obtained during the first water uptake experiment and the
subsequent distribution period of the aerated concrete is compared with the corre-
sponding simulation results in Fig. 7.32. Here, the signal velocity appears to be rather
well expressed by the calculation. However, the simulation overestimates the total
absorbed water mass. In Fig. 7.33 at the left hand side, the respective integral water
mass curves are displayed confirming this observation. The measured water content
profiles are not reproduced by the simulation. Instead, two different water contents are
approached at the end of the experiment which correspond with the water content val-
ues of the assigned moisture storage characteristics. For positions 1, 2 and 3, this is the
desorption moisture storage function whereas it is the adsorption curve for positions
4 and 5.
Additionally, two interesting phenomena can be observed here which are even more
pronounced during the third water uptake experiment of the aerated concrete shown
in Fig. 7.33 at the right hand side and in Fig. 7.34. The first is the peak appearing in the

Figure 7.32: Measured and calculated water content data of the initial water uptake and the 
subsequent distribution period for the aerated concrete. Thick lines indicate the 
measurement whereas thin lines indicate the simulation results.
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integral water uptake curve, see Fig. 7.33, and the second is the course of the water con-
tent within the first compartment, see Fig. 7.34.
The strong water absorption within the first compartment and the corresponding peak
of the integral water uptake curve is a measurement artefact. At higher water contents,
water accumulates in the large pores around the lower TDR probe which significantly

Figure 7.33: Integral water mass inside the aerated concrete during the initial water uptake 
(left) and the third water uptake (right), each with the subsequent distribution 
period. Note that the ordinate scales are different.
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Figure 7.34: Measured and calculated water content data of the third water uptake and the 
subsequent distribution period for the aerated concrete. Thick lines indicate the 
measurement whereas thin lines indicate the simulation results.
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distorts the measurement signal. The probe interprets this signal as such a high dielec-
tric constant which normally corresponds with a much higher water content. As soon
as the water contact is removed from the bottom surface, this water is absorbed by the
smaller pores and the measurement signal is interpreted correctly, again. The dashed
line in the right chart of Fig. 7.33 would therefore be the actual integral water mass
curve for the first day.
Initially, it was presumed that this effect could be a consequence of a leaky sealing.
However, after a rather short equilibration time subsequent to the end of the water
uptake phase, the integral water mass remains constant for all experiments. The
hypothesis of a leaky sealing is hence refuted. Moreover, the observed effect exhibits a
varying significance depending on the material as well as on the water content level.
For the aerated concrete at high water contents, it is most pronounced but it occurs also
during the lime-sand brick as well as the building brick measurements.
The second interesting phenomenon is the course of the water content curve of the bot-
tom compartment during the distribution period subsequent to the water uptake. In
Fig. 7.32, the measured water content of position 1 takes significantly lower values than
position 2. The data of Fig. 7.34 shows this effect even more pronounced. Here, the
water content of position 1 decreases below positions 2, 3 and 4. Although less distinc-
tive, the same material behaviour is observed for the lime-sand brick, too.
This phenomenon is another indica-
tion for the complex interactions
between moisture content, moisture
potential and moisture transport
which are not yet totally understood.
During the transient water absorp-
tion, the capillary pressure within the
first compartment decreases signifi-
cantly and the water potential - water
content relation follows neither of the
static curves. Instead, different
adsorption scanning curves may have
established within each compartment
as illustrated for positions 1 and 2 in
Fig. 7.35. During the subsequent
redistribution process, each compart-
ment follows another type of desorp-
tion scanning curve. By that, the
equilibration of the capillary pressure
leads to the observed water content
profile as indicated in Fig. 7.35.
Since this effect is experienced for the aerated concrete and the lime-sand brick only, it
appears that materials with a wide pore-size distribution and low liquid transport
properties are much more susceptible. But as the effect is another consequence of the
process dynamics, this kind of classification is not very valuable since the only implied
conclusion is that the process dynamics affect the material behaviour differently in
dependence on their own storage and transport properties.

θl

pC

1

2

primary desorption

scanning adsorption
scanning desorption

pCeq

equilibrium stage

θl eq-2,

θl eq-1,

Figure 7.35: Possible scanning curve 
configuration leading to lower 
water contents in position 1 
than in position 2.
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Besides these two effects, it may be noted that the calculated water uptake proceeds too
fast leading to a larger amount of absorbed water than measured during the experi-
ment. The distinct water content profiles can not be reproduced correctly by the simu-
lation, especially not the effect of a lower water content in position 1 at the end of the
distribution period. The primary reason for the observed deviations between measure-
ment and simulation is the complex interaction between water content and water
potential depending on the process and its history. As these dependencies are yet not
included on the transport theory level, the simulation can only follow the general ten-
dencies but not the particular profiles.
The comparison of measured and cal-
culated integral water mass during the
final drying period of the aerated con-
crete is given in Fig. 7.36. The simula-
tion follows the measured course at the
beginning. After around five days, the
calculated curve starts to deviate from
the measurements underestimating the
drying and the corresponding mois-
ture transport rates. Around the 30th
day of drying, a smooth bend of the
measured drying curve indicates that
the drying process is slowed down.
This bend is not observed in the calcu-
lated curve. As a consequence, both
curves meet again around the 60th day
of drying. Thereafter, both follow more
or less the same drying path until the
equilibrium with the drying environ-
ment is reached after circa 100 days.
The respective water content profiles are presented in Fig. 7.37. To improve the legibil-
ity of the chart, only 80 days are displayed there. Although measured and calculated
integral drying curves are rather close, the calculated water content profiles look per-
spicuously different than the measured ones. At position 1, the simulation shows a
faster water content decrease than the measurement. In position 2, the same occurs. At
positions 3, 4 and 5, the calculated water content data deviates from the measured data
in the other direction. At the beginning of the experiment, the upper compartments
exhibit a redistribution first before they start to participate in the general desorption
process. This desorption proceeds too slowly leading to the underestimation which has
been observed at the integral drying curve. At the end of the experiment, the simulated
water content profiles meet or even intersect with their measured counterparts.
Except for the redistribution process within the upper compartments at the beginning
of the experiment, the simulation generally reproduces the measured material behav-
iour quite well. However, the particular water content profiles exhibit deviations of
varying significance. The calculated redistribution at the beginning is again a conse-
quence of the applied moisture storage function. The experiment reaches an equilib-
rium stage during the previous distribution period. When the drying starts, the
previous transport processes are subsided and the desorption affects the whole mate-
rial specimen. For the simulation, the measured initial water contents are assigned to

Figure 7.36: Integral water mass inside the 
aerated concrete during the 
final drying period.
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the corresponding compartments. These water contents do though not define an equi-
librium stage according to the applied desorption moisture storage function causing
the initial redistribution process.
The other deviations are difficult to assign to a single cause. It is the author’s opinion
that the differentiated water content - water potential states at the beginning and their
change and development during the process are responsible for the measured water
content data. The deviation cause is therefore seen to be a combination of insufficiently
considered process history and dynamic changes in the water potential - water content
relation.
The presented results of the aerated concrete are summarized as follows. The simula-
tion results follow the general tendencies during the measured moisture transport
processes. The particular water content profiles can though not be correctly repro-
duced, neither for the adsorption nor for the desorption processes. Moreover, the inte-
gral curves differ from the measured data in such a way that the simulation
overestimates the moisture transport during the water absorption and underestimates
it during the drying. The deviations are attributed to the process dynamics which
cause the water content - water potential relation inside the material to follow along
different paths than the moisture storage function measured under static conditions
would imply. 
The consequences of this dynamic behaviour are, on the one hand, changed moisture
potential gradients and thus changed moisture transport forces inside the material,
and, on the other hand, numerous different equilibrium stages which are attained. The
simulation which applies either the static adsorption or the static desorption moisture

Figure 7.37: Measured and calculated water content data of the final drying period for the 
aerated concrete. Thick lines indicate the measurement whereas thin lines 
indicate the simulation results.
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storage function must therefore fail twice to follow the measured data. First, the trans-
port rates are either overestimated during an adsorption or underestimated during a
desorption process. And second, the water content profiles at the end of a water
absorption experiment must vanish. The calculation exhibits a moisture transport as
long as the moisture potential equilibrium is not reached. When this equilibrium is
reached though, the same water content occurs in all compartments where the same
moisture storage function is assigned. Moreover, if a simulation is started with the
measured water content distribution as initial condition, a redistribution process will
start if this distribution does not display an equilibrium state according to the applied
moisture storage function.
The data of the aerated concrete as well as the lime-sand brick generally obey to this
given explanation. For some experiments of the lime-sand brick, these dynamic effects
are even more pronounced than for the aerated concrete which is reflected in larger
deviations between measurement and calculation. These becomes visible in both, the
water content profiles and the integral curves. Before the final discussion will attempt
to distinguish the different influences, the observed material behaviour of all materials
within the overhygroscopic moisture content range may be summarized as follows.

The comparison of measured and calculated water content profiles generally
reveals that the process history as well as the process dynamics significantly influence
the moisture transport within the overhygroscopic moisture content range, too. All
materials appear to be susceptible to these influences although the developing mois-
ture profiles differ for different materials in dependence on their particular properties.
Basically, the following deviations between measured and simulated data are
observed by means of the investigated materials:

• Observations during adsorption and distribution:
- The calculated water absorption is generally too fast, the totally 

absorbed amount of water is overestimated.
- The distinctly measured water content profiles do not develop 

during simulation. Instead, the equilibrium water content is 
reached for all compartments according to the assigned moisture 
storage function (either adsorption or desorption).

- During the distribution period, the water content within the first 
compartment of the lime-sand brick and the aerated concrete falls 
below the water content of the next compartments. This effect can 
not be reproduced by the simulation.

• Observations during desorption:
- The calculated desorption is generally too slow, the drying is 

underestimated over a large period of time.
- At the beginning of the desorption experiments, the simulation 

exhibits an additional redistribution of moisture which does not 
occur during the measurements.

- The calculated water content profiles go partly below and partly 
above their measured counterparts.
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Although the basic tendencies can be followed by the simulation, a number of signifi-
cant deviations between measurement and calculation occurs also within the overhy-
groscopic moisture content range. In general, the calculation overestimates water
absorption processes and underestimates the desorption processes. The distinct water
content profiles confirm these deviations between measurement and simulation. Fur-
thermore, the attained water content profiles at the end of the distribution periods can
not be reproduced by the simulation and, as a consequence, the application of these
profiles as initial conditions of the subsequent drying causes a redistribution which
does not occur during the measurements.
However, the observed deviations can not be attributed to the material model. Instead
they are a consequence of simplifying assumptions made on the transport theory level,
in particular the assumption of local thermodynamic equilibrium1. The material model
itself provides an expedient basis for a precise and flexible description of general
hydrophilic material behaviour. From the presented experimental data, clear deficien-
cies of the model can not be discovered. The material model is therefore seen to be very
suitable to describe overhygroscopic moisture transport processes. A final statement is
though supposed to be derived from the general discussion on all presented data of
both moisture content ranges which is the subject of the following concluding para-
graph.

7.3 Discussion and Conclusions

The comprehensive IPM study carried out on the four building materials pro-
vides a strong and reliable experimental basis to investigate whole range moisture
transport processes. Their simulation and subsequent comparison with the measured
data challenges both, the transport theory and the material model. A number of inter-
esting effects are observed which are to be summarized and discussed here. Entering
this concluding discussion, a summary on the observed material behaviour and the
deviations between measurement and simulation is given first. Subsequently, the sin-
gle aspects are discussed. Finally, a concluding assessment of the applied material
model is derived.

7.3.1 Observation summary

Within the hygroscopic moisture content range, experimental adsorption and
desorption cycles are performed. The water content is measured by TDR sensors
whereas the water potential is measured by coupled temperature and relative humid-
ity sensors. From this data, transient water content - water potential curves are derived
and compared with the static adsorption and desorption functions. This comparison
revealed that the water content - water potential relation does not follow the static
curves under transient conditions. The difference between static and transient data as
well as the corresponding hysteresis loops are the more pronounced, the higher mois-
ture potential gradients are implied. Moreover, this dynamic effect which has previ-

1. Refer to the list of assumptions given in paragraph 2.1.1 Transport processes on page 18 et seqq.
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ously been witnessed mainly during desorption processes and for much higher
degrees of saturation become clearly visible for the hygroscopic moisture transport
and for the adsorption, too.
The observed effects are confirmed by the simulation of the hygroscopic experiments.
The transient processes can not be correctly reproduced during the calculation based
on static moisture storage data. The simulation study reveals that different effects
influence the material behaviour. Except for the lime-sand brick, the calculated adsorp-
tion is generally overestimated. During the hygroscopic desorption of the building
brick and the calcium silicate, a distinctive relative humidity profile remains inside the
specimens which does not equilibrate. During simulation, these profiles equilibrate
implying a moisture transport to proceed until the equilibrium is reached. As a conse-
quence, the desorption is also overestimated for these two materials. Inside the aerated
concrete and the lime-sand brick, the remaining relative humidity profiles during des-
orption are visible but much less pronounced. The calculated desorption is hence
rather close to the measurement for the lime-sand brick. The aerated concrete underes-
timates the desorption rates. However, it must be pointed out that the calculated water
content profiles differ from the measured ones in all hygroscopic experiments, albeit
with varying significance.
Within the overhygroscopic moisture content range, only water content data is meas-
ured. Therefore, transient moisture storage data as obtained for the hygroscopic mois-
ture content range can not be derived here. The measured water content profiles are
compared to calculated data revealing a number of deviations. Basically three effects
are observed. The first is a general overestimation of moisture transport during water
absorption. The calculated water uptake proceeds too fast and the absorbed water
mass is larger than measured. The second is a different moisture transport behaviour
during the distribution periods. The distinctly measured water content profiles vanish
during simulation. The same equilibrium is attained for all compartments according to
the assigned moisture storage function whereas the measured data reveals that differ-
ent equilibrium stages occur. Ultimately, the third effect is a generally underestimated
moisture transport during desorption processes. Especially during the mid range of
the drying process, the calculated water mass as well as the particular water content
profiles often deviate significantly from the measured data.
Summarizing these observations, adsorption processes are frequently overestimated
whereas desorption processes are frequently underestimated by the simulation. Espe-
cially within the hygroscopic moisture content range, this behaviour is superimposed
by other influences. Here, the process history is most distinctive for materials with a
high hygroscopic moisture capacity but low moisture conducting properties whereas
the not equilibrating humidity profiles are most distinctive for materials with a low
moisture capacity but high moisture conducting properties. In addition, all experimen-
tal data confirm the existence of many different equilibrium stages depending on both,
the process and its history. These different stages, i.e. the distinct water content pro-
files, can often not be reproduced by the simulation.

7.3.2 Discussion

The observed deviations are generally understood to be the consequence of the
significant changes in the water content - water potential relation which occur under
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transient conditions. On these changes, considerable experimental evidence is found
in literature and confirmed by the own measurement results. However, a number of
other factors could have influenced the presented results, too. These are measurement
errors of the applied sensors, adjustment and calibration errors during data evaluation,
limits of the material model as well as insufficiently adjusted material functions, and
material variability. This is accounted for as follows.

Measurement and data evaluation

Before the experiments started, the coupled temperature - relative humidity sensors
have been calibrated. Three defined constant climates adjusted by aqueous salt solu-
tions are used for this purpose. The corresponding relative humidities are 32%, 52%
and 90%. On this basis, a linear calibration curve has been assigned to all sensors. After
the experiments had been completed, another reference measurement has been per-
formed on these three constant climates investigating the absolute values as well as the
response behaviour of all the sensors, again. To determine whether the observed non-
equilibrating relative humidity profiles are due to measurement errors or not, the sen-
sors are placed into the high relative humidity climate first before the lower steps fol-
low. In all cases, the output value of the sensors is close to the correct value and clearly
within the specified tolerance range. Moreover, for any sensor, the duration to display
the new value correctly is less than one minute.
On that account, a measurement error of the coupled temperature - relative humidity
sensors can be excluded. The non-equilibrating relative humidity profiles as well as the
transient moisture storage data must be regarded as effectively measured material
behaviour.
The performed TDR calibration as well as the data evaluation procedure is described
in paragraph 5.3.3 TDR calibration and data evaluation. Based on this calibration, the TDR
sensors measure the apparent dielectric constant correctly. For the translation of
apparent dielectric constant into water content data, the most flexible four phase die-
lectric mixing model has been selected. The model is adjusted to the measured refer-
ence data of each material before it is applied to the measured TDR data. The
adjustment is shown in Fig. 6.18 for the lime-sand brick. Not all reference values are
met by the curve which is also the case for the other materials. Small deviations
between actual and derived absolute water content could therefore have occurred.
However, these deviations are small and, from the author’s point of view, negligible.
As they are distinctly present in the apparent dielectric constant data, the relative
changes as well as the temporal evolution of water content profiles is measured cor-
rectly.
Measurement errors of the TDR sensors can thus be excluded, too. Small deviations
during the data evaluation may have occurred leading to slightly over- or underesti-
mated absolute water content values. But they can not be regarded as significant. In
fact, all effects are already visible in the apparent dielectric constant data which is
measured correctly.
The measurement errors have generally been minimized and the obtained data can
therefore be regarded as appropriate. The observed material behaviour can thus not be
explained with inappropriate measurement data or measurement errors.
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Material model and adjustment procedure

The developed material model combines the data of many different basic experiments
as sorption and retention, vapour diffusion, water uptake, and drying. It comprises the
whole range of moisture contents from dry to saturation and it is not restricted to a
fixed amount of input data. With an increasing number of measured parameters, the
quality of the adjusted material functions increases, too. In addition, the model is not
confined to the current state of transport modelling. Further developments on the
transport theory level would directly benefit the simulation quality without requiring
an adaptation of the material model. For this reason, the adjustment procedure already
allows to include the static adsorption function although currently only one moisture
storage function is considered, yet.
Besides this high degree of flexibility which the model contains, the calibration results
presented in Chapter 6 are rather convincing. The moisture retention curves are pre-
cisely adjusted to the measured sorption and retention data. For all materials, the cal-
culated water uptake and drying courses correspond perfectly with their measured
counterparts. On that account, the observed deviations between measured and calcu-
lated water content profiles appear to be not due to a material model deficiency or an
insufficient adjustment procedure.
One restriction of the material model is, however, still implied. Since the numerical
simulation is also applied for the adjustment and calibration procedure, current limits
in transport modelling affect also the adjusted moisture transport functions. If
dynamic effects or the process history influence the material during one of the calibra-
tion experiments, these effects must be included into the transport theory to allow an
unaltered adjustment. Otherwise, the dynamic effects as well as implications of the
process history are interpreted into the moisture storage or moisture transport func-
tions.
For the present material model calibration, this is the case. The static desorption mois-
ture storage function is the basis of all desorption calculations as well as of the derived
liquid water conductivity. The static adsorption function can not be measured in such
a high resolution as the desorption function. For those capillary pressure ranges where
no measured data is available, the adsorption function is adjusted by the help of the
water uptake experiment. This experiment is though significantly influenced by the
process dynamics. In the consequence, the adjusted adsorption function is a mixture of
static and dynamic data. Recent measurements according to Plagge (2007) indicate, that
the static ad- and desorption curves are much closer than the adjustment by the help
of the water uptake experiment would imply. See e.g. the right chart in Fig. 6.13 on
page 152 where two measured adsorption values are depicted which are not met by
the adjusted adsorption function. If the adsorption function would meet them, the cal-
culated water uptake would proceed too fast and the bend in the water uptake curve
would form at higher water contents.
The same effect applies for the liquid water conductivity. Under transient conditions,
the changed water content - water potential relation leads to different moisture poten-
tial gradients. These imply changed flux rates which depend on the process. As wit-
nessed, adsorption processes are slowed down whereas desorption processes are
accelerated by the process dynamics. The adjustment and calibration procedure of the
material model uses the measured static desorption curve to calculate the drying and
the mixed static - dynamic adsorption curve to calculate the water uptake experiment.
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The appearing dynamic effects are thus also implied into the liquid water conductivity
as the actually higher transport rates due to higher moisture potential gradients during
the drying can only be reproduced by the simulation with an increased liquid water
conductivity function for the corresponding range of water contents. At the same time,
the reduced moisture transport during the water absorption leads to a reduced liquid
water conductivity at high water contents. For some materials where the important
water content range for the water uptake experiment coincides with the one for the
drying experiment, this results in the problem that either the water uptake or the dry-
ing experiment can be calculated correctly. In paragraph 6.2 Application of the material
model, these materials are regarded as „difficult materials“ by means of adjustment and
calibration.
The discussion shows that the material model is dependent on the transport theory and
that unconsidered effects are consequently implied into the material functions. The
applied material functions are based on static, steady state and unsteady state data.
The calibration procedure on the current basis of transport modelling delivers there-
fore material functions which contain dynamic effects. But as it is the character of
dynamics, every process has a different history and different initial and boundary con-
ditions. Consequently, every process is different and material functions which include
some dynamic effects are not able to correctly simulate a process under different con-
ditions. Although the water uptake and the drying experiments are correctly repro-
duced during the calibration procedure, it is not possible to adequately follow the ad-
and desorption experiments which were measured by TDR, not even the integral
courses.
The material data is hence subjected to errors stemming from the dependencies on the
process and its history which are currently not included into the transport modelling.
As soon as these effects are considered, the material model is able to provide improved
material functions without further changes. The material functions which are altered
by the dynamic effects are though not a convincing general explanation of the
observed deviations between measured and calculated water content profiles. Instead,
this discussion supports the perception that the process history and the process
dynamics need to be included into the transport theory to provide a fundamental and
sophisticated description of hygrothermal material behaviour. However, part of the
deviations, especially for the lime-sand brick, may also be a consequence of the adjust-
ment and calibration procedure in its current frame of transport modelling.

Material variability

The transport theory as well as the developed material model imply that the material
properties are homogeneous. In contrast to this, most building materials exhibit dis-
tinct heterogeneities which influence their hygrothermal performance. Part of the
observed deviations between measured and calculated water content profiles may
therefore be a consequence of such variability in material properties.
In addition, most basic experiments are conducted with a number of repetitions allow-
ing to estimate the material variability for each parameter. Adjustment and calibration
can include this information to provide a representative set of material data for the use
in numerical simulation. Although heterogeneous material behaviour can not be
included within one set of material data, the use of such a representative data set
accounts in average for most heterogeneous influences.



Simulation and Validation

206 Gregor A. Scheffler

There exist approaches to describe the material behaviour on a micro or meso scale in
order to account for material heterogeneities. Roels (2000) for instance developed such
a model which is introduced in paragraph 2.2.2.2 Network models. Unfortunately, net-
work models are rather complex. They require a high amount of input data which can
not be provided by basic experiments only. The applicability of these models is hence
restricted to special cases whereas other approaches are required for a broad and gen-
eral material modelling.
Heterogeneities and material variability form thus a problem general material models
have to cope with. Out of the investigated building materials, the most susceptible one
is the lime-sand brick. The other materials can be regarded as rather homogeneous
since their basic material properties exhibit a very low variance. In conclusion, part of
the smaller deviations - especially of the lime-sand brick - can probably be regarded as
a consequence of inhomogeneous material properties. The general trends and, by that,
most of the observed deviations go though far beyond the order of magnitude of meas-
ured material variability. The witnessed process dependency and the respective large
deviations between measurement and simulation can therefore not be explained by
material variability.

7.3.3 Concluding assessment

The discussion above clarifies three aspects which could influence the
obtained results. The first is, that the measurement errors are negligible. The second is,
that the material model is dependent on the moisture transport modelling which
means, that effects which are not included at the transport theory level influence the
derived material data since the simulation is applied for their calibration. And thirdly,
the material variability has an influence when comparing measurement and simula-
tion results but the variance obtained from the basic material property determination
was such less pronounced that the deviations between measured and calculated IPM
data can not be assigned to the material variability.
The cause of the observed deviations is therefore clearly attributed to the process his-
tory and the process dynamics which are not considered during simulation. The effects
of this non-consideration are that neither different equilibrium stages nor the shifted
water content - water potential relation can be correctly reproduced by the simulation.
In the consequence, the distinctly developing water content profiles equilibrate during
the calculations as well as the changed moisture potential gradients and the corre-
sponding moisture transport rates are either over- or underestimated in dependence to
the process. Within the presented data, these two effects are observed as the most pro-
nounced deviations between measured and calculated water content profiles.
The developed material model generally meets the requirements on a wide applicabil-
ity to hydrophilic building materials, on a high flexibility and on the adjustability for
the whole range of possible moisture contents. Especially the opportunity to use a dif-
ferent amount of input data allows its application for cases where limited data is avail-
able and a rough approximation is required only as well as for cases where very
detailed material data is available and a sophisticated and precise approximation is
desired.
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The developed material model is not restricted to the current state of heat and moisture
transport modelling. Developments regarding solute transport as well as the depend-
ency on the process and its history would immediately benefit the whole simulation
without requiring further developments on the level of material modelling. However,
the material model is dependent on the transport theory since effects which are not
included are partly implied into the material functions during the calibration proce-
dure where simulation is applied. The current state of transport modelling thus limits
the quality of the derived material functions.
In consequence of both, the current state of transport modelling which does not
include the process history and its dynamics as well as the material data which partly
implies these effects due to the calibration procedure, the quality of hygrothermal sim-
ulation results is limited. The transport tendencies are generally and the integral mois-
ture contents frequently correctly reproduced. The water content profiles, however,
can not be calculated correctly, yet.
But as the reasons for these limits stem from the currently implemented moisture
transport modelling, and as the material model is not limited to this current level, fur-
ther developments by means of the process history and the process dynamics will
immediately improve both, the calibration quality of the material model and the gen-
eral output quality of simulation results. The developed material model is therefore
understood to be verified and validated. It is widely applicable due to its high flexibil-
ity and, at the same time, it meets the requirements of a sophisticated modelling on a
material structural basis.
Besides disclosing limits and options of the developed material modelling, the pre-
sented measurement and simulation results point out further modelling demands on
the moisture transport theory level. The observed deviations are attributed to the limits
this current transport theory level implies, in particular the deviations which occur in
the water content profiles, and the deviations occurring if large moisture potential gra-
dients are implied. The presented data is therefore not restricted to serve for the elab-
orated purpose of the present study only, but also as the basis of further research in the
field of dynamic moisture transport modelling.
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CHAPTER 8

SUMMARY, CONCLUSIONS AND  
FUTURE PROSPECTS

Material modelling is an important component within the hygrothermal
description of building materials and components under transient climatic conditions.
To enable numerical simulation on a broad, general and still sophisticated level, a flex-
ible material model is required which is not only applicable to a varying amount of
basic material data, but also widely adjustable and not limited by means of the current
state of heat and moisture transport modelling.
Within the present study, developments on material modelling, basic experiments and
instantaneous profile measurements (IPM) have been carried out. Based on the struc-
ture of the material and the basic experimental data, the developed material model has
been adjusted. A comprehensive instantaneous profile measurement study has pro-
vided valuable data to evaluate limits and options of this material model from which
a fundamental validation as well as future research demands have been derived.
In a first paragraph of this chapter, a summary of the whole study is provided. The sec-
ond paragraph gives a résumé of derived results and drawn conclusions. Finally, the
author’s recommendations on future research topics are presented and discussed.

8.1 Content summary

Based on a comprehensive review on hygrothermal material modelling as well
as on experimental methods, developments have been accomplished in three major
fields. These are material modelling, basic experiments for material property determi-
nation, and instantaneous profile measurements for moisture storage and transport
investigations under transient conditions.
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Within the context of the current state of heat and moisture transport modelling, a
material model has been developed. It satisfies the Richards-equation and is based on a
bundle of tubes model which is combined with a mechanistical approach accounting
for serial and parallel structured moisture transport. In its principle, the material
model is based on moisture storage data for which a multimodal functional description
is defined. From this moisture storage function, the relative liquid water conductivity
is derived via the bundle of tubes model. It is scaled to measured conductivity data at
saturation and combined with hygroscopic conductivity data derived from vapour dif-
fusion measurements. The scaling as well as the coupling with the mechanistical serial
- parallel model provides two modelling parameters. By their help, the liquid water
conductivity function is adjusted and calibrated by inverse modelling based on water
uptake and drying data. By that, a very flexible conductivity model which is generally
applicable to hydrophilic building materials is now available.
Methodological developments have been accomplished for the drying experiment and
for the instantaneous profile measurement principle. The drying experiment is very
important for material modelling since it reveals moisture transport information for
the lower moisture content range and is thus complementary to the water uptake
experiment. However, although the drying is much more dependent on its boundary
conditions than the water absorption, very few literature on the drying and its appli-
cability in material modelling is available. A comprehensive study has therefore been
conducted: a drying device has been designed and built, the influencing parameters
have been investigated and classified, and recent attempts to standardize drying data
and derive a single number drying coefficient have been evaluated and partly refuted.
By that, the set of basic experimental methods provides now a comprehensive, funda-
mental and sophisticated basis for material modelling and material model calibration.
The instantaneous profile measurement technique has been further developed and
applied to four building materials. Special devices have been designed and a series of
experiments has been conducted in both moisture content ranges. Profiles of water
content and relative humidity have been measured within the hygroscopic and water
content profiles have been measured within the overhygroscopic moisture content
range. Based on dielectric models found in literature, the methods of TDR data evalu-
ation have been extended, implemented into computer code and applied to the meas-
ured IPM data. By that, a substantial set of transient moisture transport data is now
available enabling a fundamental material model validation as well as serving as an
experimental basis of further research on moisture transport process modelling.
The material model has been implemented into a computer program to facilitate its
application to basic experimental data. With it, the model has been applied and
adjusted to the four building materials. Based on these material data as well as on the
measured initial and boundary conditions, the IPM experiments have been simulated
by the aid of the DELPHIN program. Measurement and simulation results have been
evaluated and compared. Finally, the limits and options of the developed material
modelling as well as of the transport theory into which the material model is embed-
ded have been revealed and discussed. 
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8.2 Results and conclusions

Within the scope of the conducted design, development and implementation
work, the following achievements are available now:

• with regard to material modelling:
- a sophisticated and flexible material model for quantification of 

moisture storage and transport which is generally applicable to 
hydrophilic building materials,

- a computer program to apply this model to basic material data,
- a clear specification of the adjustment and calibration procedure,
- a complete set of adjusted and calibrated material functions for the 

four investigated building materials;
• with regard to the drying experiment:

- a specific and detailed definition of requirements on drying data 
with special regard to material model calibration,

- a drying apparatus and its design specifications,
- a table giving a clear and qualitative assessment of parameters 

which influence the drying with regard to material modelling and 
drying parameter derivation;

• with regard to the instantaneous profile measurement technique:
- different IPM devices for whole range moisture transport 

investigations and their design specifications,
- a computer program enabling the application of different models 

to derive the water content from measured TDR data;
• with regard to transient moisture transport data:

- transient moisture storage data of the four investigated building 
materials within the hygroscopic moisture content range,

- a comprehensive data set of moisture profiles on these materials in 
both, hygroscopic and overhygroscopic moisture content ranges

On this basis, the material model has been challenged. The experiments have been
recalculated applying the adjusted material functions and the measured initial and
boundary conditions. The simulation results have been compared with the experimen-
tal data. By that, a number of effects and influences have been revealed which limit the
precision of hygrothermal building component simulations. These have been classified
according to their occurrence, related to their cause and attributed to either the level of
material modelling or the level of general moisture transport modelling within a cer-
tain moisture content range. This is summarized in Tab. 8.1 below.
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Table 8.1:  Effects causing deviations between measured and calculated material behaviour.

Effect measurement Effect simulation Cause Attributed to
particular not equili-
brating relative humid-
ity profiles during 
hygroscopic desorption 
processes

equilibration of relative 
humidity and water con-
tent profiles,
overestimated moisture 
transport at desorption 
processes

binding forces at the 
inner surface area of the 
material,
limited validity of the 
Kelvin-equation at such 
low moisture contents

hygroscopic moisture 
transport modelling,
materials with a low 
hygroscopic moisture 
capacity

not equilibrating water 
content profiles (adsorp-
tion and desorption)

equilibration of all water 
content profiles depend-
ing on the applied mois-
ture storage functions

inside the material, dif-
ferent equilibrium stages 
occur depending on the 
process and its history,
during simulation, only 
equilibrium stages 
according to the applied 
moisture storage func-
tions can occur

general hygroscopic and 
overhygroscopic mois-
ture transport model-
ling,
the process history is 
more important for 
materials with low mois-
ture transport properties

shifted transient mois-
ture storage data 
depending on the size of 
the applied potential 
gradients,
particular ad- and des-
orption moisture profiles

overestimated moisture 
transport at adsorption 
processes,
underestimated mois-
ture transport at desorp-
tion processes

process dynamics lead-
ing to a changed water 
content - water potential 
relation in dependence 
on the size of the implied 
moisture potential gra-
dients

general hygroscopic and 
overhygroscopic mois-
ture transport model-
ling,
partly implied into the 
material data due to the 
applied simulation dur-
ing calibration

during equilibration 
after a water absorption, 
the contact element does 
not apply to the general 
water content profile but 
remains with a lower 
water content 

this behaviour is not 
reproduced,
the water content pro-
files equilibrate accord-
ing to the applied 
moisture storage charac-
teristics

process dynamics in 
combination with a 
gradual course of the 
moisture storage func-
tion

overhygroscopic mois-
ture transport model-
ling,
materials with a wide 
pore size distribution are 
susceptible

particular water con-
tent profiles during des-
orption processes,
measured profiles start 
at equilibrium condi-
tions, almost no super-
position with previous 
processes occurs

distinct initial redistri-
bution of moisture, 
pronounced superposi-
tion of desorption and 
redistribution

process history, the 
material has reached an 
equilibrium stage which 
does not correspond 
with the static storage 
functions, assigning the 
measured water content 
as initial condition 
causes a non-equilib-
rium and thus, mois-
ture transport

general hygroscopic and 
overhygroscopic mois-
ture transport model-
ling,
the consideration of the 
process history and the 
possibility of different 
process dependent equi-
librium stages is 
required
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Most of the observed deviations between measured and simulated material behaviour
are due to the limiting assumptions made on the transport theory level. The developed
material model though meets the initially defined requirements on flexibility, adjusta-
bility and precision. The observed deviations are not a consequence of limits in mate-
rial modelling. Moreover, further developments on the moisture transport theory level
automatically benefit the material model without requiring further adjustment or
improvement of the model. The developed material model hence provides a strong
and sustainable basis for a high quality description of hygrothermal material behav-
iour. 

8.3 Future prospects

Providing many valuable answers, this study also opens a number of new
questions which may be the subject of future research. From the author’s point of view,
such research should aim at different levels of theoretical and experimental moisture
transport treatment. Following these levels according to the present study, future
research may primarily regard three aspects. These are:

1. drying - derivation of a reasonable drying coefficient which is 
applicable for building industry and practise,

2. instantaneous profile measurements - determination of additional 
transient moisture storage data in the unsaturated overhygroscopic 
moisture content range,

3. moisture transport modelling - consideration of the process history 
and the process dynamics on the moisture transport theory level.

4. moisture transport and material modelling - development of 
modelling approaches accounting for the temporal variability of 
material structures and properties

With regard to the first aspect, the importance of drying data for material modelling
has been pointed out and the influencing parameters have been quantified. However,
a simple but reliable drying coefficient which could be used also in building practise
has not been derived, yet. Future research may hence follow the proposed approaches
to derive such a drying coefficient from measured data. Moreover, based on the
present study, the drying experiment should be standardized to guarantee a high data
quality for a broad application within material modelling.
As a second research subject, further experimental data by means of transient moisture
storage are still desirable. Comprehensive data on transient moisture storage are avail-
able for high degrees of saturation, especially in Soil Science literature. The present
study provides such data for the hygroscopic moisture content range. However, the
intermediate range of moisture contents lacks extensive transient moisture content -
moisture potential data, mainly due to the limited applicability of most moisture
potential sensors. As this moisture content range is of highest interest for moisture
transport processes in Building Physics, further research may regard the development
and improvement of moisture potential measurement techniques in the range of 95%
to 100% relative humidity. Moreover, this technology may be applied to building
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materials during IPM experiments, e.g. in a similar way as done within the present
study, to provide an extensive and reliable experimental basis for further moisture
transport modelling.
As a third aspect, future research should focus on modelling the dependencies of mois-
ture transport processes on the process history and the process dynamics, and on their
consideration within moisture transport modelling. As first approaches exist here, the
research may be based on the works of e.g. Stauffer (1977), Beliaev & Hassanizadeh
(2001), Hassanizadeh et al. (2002), Dahle et al. (2005), Manthey (2006) and Porter et al.
(2006) who generally assign the dynamic effects to the capillary pressure definition.

(8.1)

The general form of eq. (8.1), stating that the capillary pressure  is a function of sat-
uration  only, needs to be extended by a term accounting for the process depend-
ency. The capillary pressure is therefore not only a function of saturation  but also of
the saturation change  as indicated in eq. (8.2).

(8.2)

Available modelling approaches, as proposed by the cited authors, should be evalu-
ated with regard to their generality and their applicability. A suitable model should be
developed and implemented into the existing structure of moisture transport model-
ling. Ultimately, the sensitivity and susceptibility of certain materials, structures and
cases on dynamic influences should be evaluated. Such differentiation would allow to
estimate the importance to consider dynamic influences for certain cases as well as the
expected errors if disregarding them. 
Finally as a fourth aspect, the temporal variability of the material structure and its
impact on the hygrothermal material properties should be included into either mate-
rial and transport modelling. Many building materials are susceptible to physical or
chemical changes which often affect the hygrothermal material properties. Accounting
for these effects would additionally improve the quality of hygrothermal building
component simulations, e.g. with regard to wood and wood based materials or com-
posite materials containing cellulose additives.
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LIST OF SYMBOLS AND ABBREVIATIONS

List of arabic symbols

Symbol Unit Description

Specific inner surface area

Water uptake coefficient versus sqrt(sec)
Propagation velocity of an electromagnetic pulse in para-
graph 3.2.2.1 Moisture content measurement, 

 is the speed of light in vacuum.

Specific heat capacity of phase  (at constant volume)

Specific heat capacity of the gaseous phase

Specific heat capacity of the liquid phase

Specific heat capacity of vapour

Specific isobaric heat capacity of air

Diffusivity of component 

Liquid water diffusivity

Vapour diffusivity

Ais m2 g⁄[ ]

Aw kg m2 s⁄[ ]

c m s⁄[ ]

c0

cα J kgK⁄[ ] α

cg
Hg J kgK⁄[ ]

cl
Hl J kgK⁄[ ]

cv
Hv J kgK⁄[ ]

cp a, J kgK⁄[ ]

Dν m2 s⁄[ ] ν

Dl m2 s⁄[ ]

Dv m2 s⁄[ ]
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Vapour diffusivity in free air

Vapour diffusivity in a material

Gibbs free energy

Gravity constant in direction of 

Enthalpy of phase 

Capillary head, 

Momentum of phase  (extensive quantity)

Flux in direction of 

Diffusive vapour flux in direction of 

Diffusive energy flow in direction of  (heat conduction)

Liquid water conductivity at capillary saturation

Liquid water conductivity at effective saturation

Advection coefficient (permeability) of the gaseous phase

Liquid water conductivity

Length or thickness

Lewis number

Length of the TDR probe

Mass of phase  (extensive quantity)

Avogadro constant: 

Volume specific mass (density) of phase 

Volume specific mass of air

Volume specific mass of the gaseous phase (air + vapour)

Volume specific mass of water vapour

Volume specific mass of liquid water

Volume specific mass of water (liquid and gaseous phase)

Number of adsorbed particles

Number of molecular layers of water

Symbol Unit Description

Dv air, m2 s⁄[ ]

Dv mat, m2 s⁄[ ]

G J[ ]

gk m s2⁄[ ] k

Hα J[ ] α

h m[ ] h pc ρlg⁄=

Iα kg m s⁄⋅[ ] α

jk kg m2s⁄[ ] k

jk diff,
Mv kg m2s⁄[ ] k

jk diff,
Q W m2s⁄[ ] k

Kcap s[ ]

Keff s[ ]

Kg s[ ]

Kl s[ ]

L m[ ]

Le ---[ ]

lTDR m[ ]

Mα kg[ ] α

NA 1 mol⁄[ ] NA 6.022 1023mol 1–⋅=

mα kg m3⁄[ ] α

ma kg m3⁄[ ]

mg kg m3⁄[ ]

mv kg m3⁄[ ]

mw kg m3⁄[ ]

mw v+ kg m3⁄[ ]

nads mol g⁄[ ]

nmlw ---[ ]
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List of greek symbols

Number of particles forming a monolayer at the inner sur-
faces,  is also called monolayer capacity

Capillary pressure

Logarithmic capillary pressure: 

Gas pressure

Liquid pressure

Saturation vapour pressure

Vapour pressure

Gas constant

Gas constant of water vapour

Capillary radius

Entropy phase  (extensive quantity)

Absolute (Kelvin-)temperature

Time

Inner energy phase  (extensive quantity)

Volume specific inner energy of phase 

Mass velocity of the gaseous phase in direction of 

Mass velocity of the liquid phase in direction of 

Spatial coordinate in direction of 

State variable vector of phase 

Symbol Unit Description

Heat transfer coefficient

Vapour transfer coefficient

Contact angle between solid and liquid phases

Apparent dielectric constant

Symbol Unit Description

nmono mol g⁄[ ]
nmono

pc Pa[ ]

pC Pa( )log[ ] pC p– c( )log=

pg Pa[ ]

pl Pa[ ]

ps Pa[ ]

pv Pa[ ]

R J kgK⁄[ ]

Rv J kgK⁄[ ]

r m[ ]

Sα J K⁄[ ] α

T K[ ]

t s[ ]

Uα J[ ] α

uα J m3⁄[ ] α

vk
Mg m s⁄[ ] k

vk
Ml m s⁄[ ] k

xk m[ ] k

Yα α

α W m2K⁄[ ]

β s m⁄[ ]

γ Rad[ ]

εa ---[ ]
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Symbol Unit Description

Dielectric constant of bound water

Dielectric constant of the gaseous phase

Dielectric constant of the liquid phase

Dielectric constant of the material matrix (solid phase)
General symbol for an adjustable modelling parameter, nor-
mally with an index specifying the model

Relative water content: 

Volumetric content of the bound water fraction

Water content at capillary saturation

Water content at effective saturation

Porosity

Volumetric water content

Thermal conductivity
Boltzmann variable in paragraph 2.2.1 Diffusivity 
approaches, 

Chemical potential

Vapour diffusion resistance factor

Bulk density of air

Bulk density (mass / volume of bulk material)

Bulk density of the gaseous phase

Matrix density (mass / volume of solid matrix)

Source production rate of  in phase 

Water source production rate in the liquid phase

Heat source production rate of inner energy

Tension of the liquid-gaseous interface, i.e. surface tension

Tension of the solid-liquid interface

Tension of the solid-gaseous interface

Relative humidity

εbw ---[ ]

εg ---[ ]

εl ---[ ]

εm ---[ ]

η ---[ ]

Θ ---[ ] Θ θl θpor⁄=

θbw m3 m3⁄[ ]

θcap m3 m3⁄[ ]

θeff m3 m3⁄[ ]

θpor m3 m3⁄[ ]

θl m3 m3⁄[ ]

λ W mK⁄[ ]

λ m s⁄[ ]
λ x t⁄=

μ J mol⁄[ ]

μ ---[ ]

ρa kg m3⁄[ ]

ρb kg m3⁄[ ]

ρg kg m3⁄[ ]

ρm kg m3⁄[ ]

σα
Mα kg m3⁄ s[ ] Mα α

σl
Mw v+ kg m3⁄ s[ ]

σu
Q W m3⁄ s[ ]

σlg N m⁄[ ]

σsl N m⁄[ ]

σsg N m⁄[ ]

ϕ ---[ ]
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List of indices

Subscript Description

Air (Chapter 2)

Apparent (paragraph 5.3.3 TDR calibration and data evaluation)

Environment

Gaseous phase

Spatial direction index (x, y, z)

Liquid phase

Solid phase (material matrix)

Surface

Water vapour

Liquid water

Phase index

Component index

Superscript Description

Enthalpy of phase  the main symbol is related to

Mass of phase  the main symbol is related to

Reduced heat (i.e. heat conduction)

a

a

e

g

k

l

m

s

v

w

α

ν

Hα α

Mα α

Q



List of Symbols and Abbreviations

220 Gregor A. Scheffler

List of proper names and abbreviations

Name Description
DELPHIN Numerical simulation program for coupled heat, air, moisture and salt transport 

developed at the Institute of Building Climatology, Dresden University of Technol-
ogy. The program was previously known as DIM. The current main DELPHIN ver-
sion has index number 4. In cooperation with the Syracuse University, NY, a new 
version has been developed with index number 5. This program is now available 
under the name CHAMPS which stands for coupled heat, air, moisture, pollutant 
and salt transport.
For more details concerning the program, refer to Grunewald (1997), Funk et al. 
(2003), Grunewald & Fechner (2006) and Nicolai (2006).

Abbreviation Description
BET Adsorption theory according to Brunauer et al. (1938), named according to the ini-

tials of the three authors Brunauer, Emmet and Teller. 
For more details, see section BET-method according to Brunauer et al. (1938) in 
paragraph 5.3.3.2 TDR data evaluation.

GIM Gibbs integral method according to Adolphs (1994).
For more details, see section Gibbs free energy methods according to Adolphs 
(1994) in paragraph 5.3.3.2 TDR data evaluation. 

GMM Gibbs minimum method according to Adolphs (1994).
For more details see section Gibbs free energy methods according to Adolphs 
(1994) in paragraph 5.3.3.2 TDR data evaluation. 

IPM Instantaneous profile method - technique to measure one or more quantities at dif-
ferent sample positions versus time during a transient process.
For more details, see paragraph 3.2 Instantaneous profile measurements and para-
graph 5.3 Instantaneous profile measurements.

MRC Moisture retention characteristic - moisture storage function. The term is derived 
from the pressure plate experiments where the water is retained in the sample 
against an outside overpressure. It sometimes comprises only the wet range of stor-
age data, here however the term MRC is used as a synonym for moisture storage 
function.

RMRC Reversed moisture retention characteristic - accounts for the inverse (or reverse) of 
the moisture storage function.

TDR Time domain reflectometry - measurement principle to derive water content and 
electric conductivity data.
For more details, see paragraph 3.2.2 Sensor technology.
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