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Abstract

Moisture and moisture-related processes are the main causes of damage to building materi-

als and infrastructure. In Germany alone, annual moisture damage exceeds 10 billion euros

per year. Therefore, it is not surprising that moisture and especially the detection of mois-

ture is of high interest. However, common non-destructive measuring instruments cannot

reliably determine the absolute moisture content due to surface effects, transverse influences

and complex material dependencies. Although nuclear magnetic resonance (NMR) is ideally

suited for the investigation of moisture content, distribution and transport in building materi-

als, it is usually only seen as a laboratory method. However, with the development of special

magnet configurations (single-sided NMR) that make it possible to examine large samples, it

is becoming more and more interesting for field use. This work deals in particular with the

application and possibilities of this technique on the example of screeds.

The quantitative determination of moisture with NMR is usually a simple task as the ini-

tial amplitude is proportional to the moisture content. However, situations may arise where

the combination of short relaxation times, a low signal-to-noise ratio and the ill-conditioned

nature of the inverse Laplace transformation lead to a significant distortion of the initial am-

plitude and makes it a poor proxy of the moisture content. This often occurs when applying

single-sided NMR to building materials with small pores, such as concrete. In this thesis a

method for deriving a generalized correlation function is developed, which links not only the

initial amplitude, but relaxation attenuated signal amplitudes with moisture content. For this

purpose, the effect on the T2 distribution of the respective material caused by desaturation

during drying is simulated. Experiments on different screeds show that the uncertainty in the

predicted moisture is significantly lower than with the conventional approach.

The second part of this work shows that the combination of NMR with current moisture

simulation methods opens up additional possibilities. In order to achieve a quantitative simu-

lation with high accuracy, the exact material parameters of the screed are required. However,

these are usually unknown, since variations in the manufacturing process lead to strong fluc-

tuations in these parameters. A method is presented which uses information from NMR

measurements to calibrate the liquid water and water vapour transport properties of a screed

already in the early phase of drying. The complete drying process can then be simulated.
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So, the development of moisture in the future is predicted and technical limitations of the

single-sided NMR measurement method can be overcome. On the basis of these results, it is

possible, for example, to predict at an early stage when the material will be ready for flooring,

which enables better planning of construction projects.
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Zusammenfassung

Feuchtigkeit und feuchtigkeitsbedingte Prozesse sind die Hauptursache für Schäden an Bau-

materialien und Infrastruktur. Die jährlichen Kosten für Feuchteschäden übersteigen 10 Mil-

liarden Euro allein in Deutschland. Daher ist es nicht verwunderlich, dass Feuchtigkeit und

insbesondere die Detektion von Feuchtigkeit von hohem Interesse sind. Gängige zerstörungs-

freie Messgeräte können jedoch aufgrund von Oberflächeneffekten, Quereinflüssen und kom-

plexen Materialabhängigkeiten den absoluten Feuchtigkeitsgehalt nicht zuverlässig bestim-

men. Obwohl Kernspinresonanz (NMR) ideal zur Untersuchung des Feuchtigkeitsgehalts,

der Verteilung und des Transports in Baustoffen geeignet ist, wird es in der Regel nur als

Labormethode gesehen. Mit der Entwicklung spezieller Magnetkonfigurationen, die es er-

möglichen ausgedehnte Proben zu untersuchen, wird NMR für den Feldeinsatz allerdings

immer interessanter. Diese Arbeit befasst sich mit der Untersuchung der Anwendbarkeit von

NMR zur Feuchtemessung in Baustoffen am Beispiel von Estrichen.

Die quantitative Bestimmung von Feuchtigkeit mit NMR ist in der Regel eine einfache

Aufgabe, da die anfängliche Amplitude des NMR-Signals proportional zum Feuchtigkeits-

gehalt ist. Es können jedoch Situationen auftreten, in denen die Kombination von kurzen

Relaxationszeiten, einem niedrigen Signal-Rausch-Verhältnis und der uneindeutigen Natur

der inversen Laplace-Transformation zu einer signifikanten Verzerrung der Anfangsampli-

tude führen und sie zu einem schlechten Maß für den Feuchtigkeitsgehalt macht. Dies tritt

häufig bei der Anwendung der einseitigen NMR auf Baustoffe mit kleinen Poren, wie z.B.

Beton und Estich, zu. In dieser Arbeit wird daher ein Verfahren zur Ableitung einer verall-

gemeinerten Korrelationsfunktion entwickelt, die nicht nur die Anfangsamplitude, sondern

auch den Relaxationszerfall mit dem Feuchtegehalt verknüpft. Dazu wird der Verlauf der

T2-Verteilung des jeweiligen Materials simuliert, welcher maßgeblich von der Entsättigung

der Poren während des Trocknungsprozesses bestimmt wird. Experimente an verschiedenen

Estrichen zeigen, dass die Unsicherheit in der vorhergesagten Feuchtigkeit durch die Anwen-

dung der entwickelten Korrelationsfunktion deutlich geringer ist, als bei dem konventionellen

Ansatz.

Im zweiten Teil dieser Arbeit wird gezeigt, dass durch die Kombination von NMR mit

aktuellen Feuchtesimulationsmethoden zusätzliche Möglichkeiten neben der reinen Feuch-
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tebestimmung eröffnet werden. Um eine quantitative Simulation mit hoher Genauigkeit zu

erzielen, werden die exakten Materialparameter des Estriches benötigt. Allerdings sind diese

üblicherweise unbekannt, da es durch Variationen im Herstellungsprozess zu starken Schwan-

kungen eben dieser Parameter kommt. Es wird eine Methode präsentiert, die Informationen

aus NMR-Messungen nutzt, um die Wasser- und Dampftransporteigenschaften eines Estri-

ches bereits in der Frühphase der Trocknung zu kalibrieren. Anschließend kann der vollstän-

dige Trocknungsprozess mit Hilfe der dank NMR schnell und einfach bestimmten Parameter

simuliert werden. Damit wird die Entwicklung der Feuchtigkeit in der Zukunft vorhergesagt

und technische Einschränkungen des NMR-Messverfahrens überwunden. Auf Basis dieser

Ergebnisse kann beispielsweise der Zeitpunkt der Belegereife frühzeitig vorrausgesagt wer-

den, was eine bessere Planung von Bauprojekten ermöglicht.
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1 Introduction and Objectives

When talking about building materials and durability, the topic of moisture and moisture

transport is inevitable. These topics are closely connected in many ways. For example,

moisture or water plays a central role in the production of concrete and determines its later

properties. It is even more important with respect to the various mechanisms which can

weaken or destroy the building stock. Almost all damage mechanisms require the presence

of free water or the transport of water through the building material. Examples are ion migra-

tion, temperature gradients, chemical reactions, freeze-thaw cycles and volumetric changes

(swelling, cracking) [1, 2], to name but a few. Moreover, secondary effects like mould grow

or consequential damage are essentially influenced by the ability of porous media to store

large amounts of water over a long time. Since these topics affect the whole infrastructure

and almost all buildings, moisture has also a high economic relevance. Repair, maintenance

and replacement cause annual costs of more than 13 billion Euro [3] in Germany. Therefore,

techniques to determine the qualitative and quantitative moisture content, distribution and

transport are indispensable.

In this work, in particular the determination of moisture in floor screed during drying is

considered. Here, too much moisture can cause severe damage to the flooring or to the

screed itself. As this damage is often associated with high costs for the building owner, it is

mandatory for craftsmen to determine the screed’s moisture content before further steps are

carried out [4]. Hence, the need of a reliable measurement technique is especially urgent.

It is all the more surprising that the only commonly accepted method to determine the

moisture content in concrete and screed is Darr drying or the Calcium Carbide Method, see

for example Reference [5]. In both cases, a sample has to be extracted from the test body.

Obviously, these methods can only provide a limited number of point measurements. The

observation of large areas and continuous monitoring is not feasible, although the dynamic

behaviour of the moisture is often more interesting than a single measurement. On the other

hand, non-destructive methods as summarised in Chapter 2 usually cannot adequately fulfil

the accuracy requirements. Especially, the quantitative determination of the moisture content

is a big problem. For most technologies, calibration is complex, time-consuming and only

valid for one specific material.
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1 Introduction and Objectives

This is the starting point for the present work, with nuclear magnetic resonance (NMR) as

the measurement method of choice. NMR is mainly known through clinical and chemical

applications, but it is also used for example by the petroleum industry to study natural rocks

in oil wells. Until now, NMR devices are known as quite expensive and large. However,

recent developments in the field of single-sided NMR [6] have the potential to make a prac-

tical application on building sites possible. Since NMR is directly sensitive to protons, it is

perfectly suited to measure hydrogen and water, respectively. A typical NMR signal consists

of a (multi-)exponential decay with an initial amplitude which is directly proportional to the

number of excited protons. Due to unavoidable instrumental acquisition delay this amplitude

cannot be measured directly but is normally found by extrapolation of the signal based on its

exponential behaviour. However, it will be shown that under certain conditions, which often

occur when measuring building materials, the extrapolation leads to a significant bias of the

initial amplitude impeding it being an accurate proxy for the moisture content. Therefore,

instead of utilizing the initial amplitude, a method is proposed correlating the relaxation at-

tenuated signal amplitudes with the moisture content. So, the extrapolation problem can be

circumvented and a significantly lower error is achieved.

The second part of the work moves away from the topic of measurement technology and

deals with the question, how the whole process of moisture measurement in screed can be

improved in principle. Regarding the increasing digitisation and the Internet of Things, there

are efforts to move away from point measurements and towards a continuous monitoring of

building structures. This development opens completely new possibilities. In this context, the

question is investigated whether a potential user can be provided with the time when the de-

sired moisture state is reached instead of a simple dry/wet statement. This could significantly

reduce the measuring effort and at the same time allow for accurate planning of subsequent

working steps.

State-of-the-art simulation models of the coupled heat, air and moisture transport in capil-

lary building materials offer ideal prerequisites for this task. The key parameters for a quan-

titative simulation of the drying process are the materials’ transport properties. Since they

are unknown in general, the data from monitoring have to be utilized to extract the required

parameters. In this work, a real-time calibration procedure is developed which allows a cali-

bration of the liquid water and water vapour transport functions so that the drying behaviour

can be quantitatively predicted.

Summarising, the main theses in this work are as follows,

1. Accurate determination of moisture by NMR relaxation measurements in the case of

very short relaxation times and poor signal to noise ratio

2. Overcome the limited penetration depth of single-sided NMR devices using coupled

2



heat, air and moisture simulation

3. Prediction of the drying process and drying times in building materials, especially floor

screed

4. Material characterisation (especially liquid water conductivity) on the basis of NMR

relaxation time distributions

Structure of the Thesis

The structure of the thesis basically follows the points from above.

Chapter 2 begins with a definition of moisture in porous media and the problems con-

cerning real moisture measurements. Subsequently, an overview of different measurement

principles is provided.

Chapter 3 gives an introduction into the technique of nuclear magnetic resonance. It pro-

vides the basis for the new correlation model that is presented later.

Chapter 4 specifies the tested materials, the NMR equipment and the reference method

providing the true moisture content. Also, the processing of the measurement data is pre-

sented.

Chapter 5 comprises the derivation of the novel correlation model which establishes a

connection between attenuated NMR amplitudes and the moisture content. Subsequently, the

model is evaluated with different experiments and open issues are discussed.

Chapter 6 summarises the proposed calibration model. First, the important equations of

coupled heat, air and moisture transport are introduced. Second, the real time calibration

procedure is developed and implemented. The chapter closes with the application of the

prediction model to experimental data and a discussion of the results.

Chapter 7 serves to complete the previous chapter with regard to material characterisation.

It presents the underlying material model used in the work. Additionally, an approach charac-

terising building materials on the basis of NMR porosimetry instead of the common method

utilizing the moisture storage function is given.

3



1 Introduction and Objectives

4



2 Overview of Moisture

Measurement in Building

Materials

2.1 De�nition of Moisture

The moisture content and water content θl, respectively, commonly describes the amount or

concentration of water in a material and is usually defined as the volume fraction of water to

bulk volume of the material,

θl =
Vw

V
[m3/m3] (2.1)

Essential to the concept of water content is the dry state of the material. The dry state is, in

principle, a simple concept and defines the state with θl = 0. Additional water is counted

to the water content. A simple definition of dry would be to define the dry state as the state

in which the material contains no water or water molecules. However, when dealing with

porous media and building materials this state is not well-defined.

Water in building materials is present in different bonding states and not purely as free

water. The type of bonds is both chemical and physical. For example, water is incorporated

into the material matrix (crystal water) during curing of cement and should clearly not be

counted to the water content. On the other hand, within the pore space there is almost free

capillary water which dominates in terms of volume and is only weakly bound to the material.

At the interface between material matrix and pore space adsorption and adhesion occurs

resulting in stronger bonding states. Figure 2.1 visualises the different water states in a porous

medium. [7]

Under these aspects, a general definition of the dry state is not possible. Rather, one tries

to define the dry state in such a way that the actual intention is captured: the definition of

the relevant, evaporable water content in the material. Furthermore, it is essential to get

a clear operational definition in terms of reproducibility. A common procedure is drying

the material at a predefined temperature until constant weight is reached. This method is

5



2 Overview of Moisture Measurement in Building Materials

Figure 2.1: Model of the di�erent water and binding states in porous media adapted
from [9] & [10]

called oven drying or gravimetric Darr method. The drying temperatures have been defined

according to the different materials in DIN EN ISO 12570 [8] and are summarised in Table

2.2. This choice of the dry state, however, is problematic for other measurement methods

which often measure water with different bounding states but are expected to yield the same

water content as oven drying. In principle, each method, besides oven drying itself, requires

a calibration to the previously defined dry state [5].

Since it is usually easier to measure weight than volume, the moisture content in practice

is often expressed on a mass basis:

u =
mwater

md
=
mwet −md

md
= θl ·

ρwater

ρd
[kg/kg] (2.2)

with the water mass mwater, the mass of the dry material md and the mass of the wet material

mwet. To avoid confusion, the symbol u is used for moisture values expressed by mass. In civil

engineering the mass related moisture content is sometimes also expressed in percentage per

dry mass, indicated by the unit [M-%]. This is achieved by multiplying Equation (2.2) with

100. In case that the bulk density of the dry material ρd is known, volumetric water content

and mass related water content can be inter-converted. Another commonly used expression

for the moisture content is the water saturation or degree of saturation,

θ =
Vw

Vpor
=

Vw

V φ
=
θl
φ

[−] (2.3)

with the porosity φ = Vpor/V in terms of the pore space Vpor.
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2.2 Critical Review: Readiness for Flooring

Since this work deals with the drying of screed, another often used term needs to be men-

tioned. The readiness for flooring (German "Belegereife") is a terminology which is widely

used in practice and which names the state in which the screed can be processed further with-

out risk of consequential damage. Consequential damage involves for example swelling of

flooring, crack formation and mould. Usually, the readiness for flooring is defined solely

by the moisture content which is certainly an important criterion but not necessarily suffi-

cient. It is not the moisture content in the material that is responsible for the damage, but

the amount of released moisture [11]. However, this also depends on the ambient conditions

and the moisture storage properties of the material. The moisture content limits given in

DIN18560 [4] (see Table 2.1) are derived mainly from the equilibrium moisture content of

several screeds at fixed boundary conditions in combination with empirical values [4, 12, 13].

The determination of a general moisture limit on this basis, however, is very questionable,

since the moisture storage properties are highly dependent on the type of screed and also on

the mixing conditions. For example, it was shown in [14] that a decrease in the binder/sand

ratio in screed production has the consequence that even freshly produced screed is classified

as ready for flooring. On the other hand, the authors in [15–17] criticise that the increasing

use of drying accelerator and binding agents to shorten building times results in larger equilib-

rium moisture values of the screed. Consequently, these screeds do never reach the demanded

limits. This behaviour is also observed in our experiments. Also, many manufacturers ignore

the given moisture limits and report higher moisture values on their products.

It has to be noticed that in Germany the moisture limits for flooring are defined in terms of

the calcium carbide (CM) method and not by the Darr method. The resulting values are given

in the unit CM-% which can be transferred for cement creed into the mass related moisture

content by adding the empiric factor of 1.5 %. The CM method, described in detail in Sec-

tion 2.3.2, is currently the only officially accepted moisture measuring method in Germany

besides oven drying (Darr methode), although it is controversial among experts [18]. Outside

of Germany the readiness for flooring is often determined using relative humidity probes.

The idea is that as long as the relative humidity inside the material is higher than the ambient

humidity, moisture is able to evaporate and damage the flooring. The limit values for relative

humidity are difficult, if not impossible, to compare with the CM limits.

At this point, it has to be made clear that this work does not have the goal to determine

the readiness for flooring, but to develop a method to measure and predict moisture non-

destructively. The assessment whether the moisture content is a sufficient criterion for deter-

mining the readiness for flooring can not be answered.

7
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Table 2.1: Moisture limits for readiness for �ooring according to DIN18560 for the CM
method and the Darr method

Material CM [CM-%] Darr [M-%] Darr [kg/kg]

Cement Screed 2.0 3.5 0.035
Cement Screed (heated) 1.8 3.3 0.033
Calcium Sulphate Screed 0.5 0.5 0.005
Calcium Sulphate Screed (heated) 0.5 0.5 0.005

2.3 Common Moisture Measuring Methods

2.3.1 Gravimetric Darr Method

The Darr method or oven drying directly determines the moisture content without relying on

other moisture sensitive physical values. In fact, it is even used to define the moisture content.

Therefore, it is used to calibrate almost all other measuring methods. A small sample has to

be extracted from screed which makes it a destructive method. The sample is weighed and,

subsequently, dried. The difference between wet mass and dry mass yields the mass of the

evaporated moisture. Since only water which is not part of the chemical structure is counted

as moisture, the drying temperature has to be adjusted according to the tested material. Table

2.2 summarises the temperatures for different screed types. The drying process is finished

when the mass change within 24 h is less than 0.1 M-% of dry mass. Note that for high

drying temperatures the pore system of the material can be sustainably damaged and is no

longer representative for the material.

Table 2.2: Drying temperature for screeds according to DIN EN ISO 12570.

Material Drying Temperature [◦C]

Cement Screed 105
Calcium Sulphate Screed 40

2.3.2 Calcium Carbid (CM) Method

The CM method is a destructive and direct measurement method. It is recommended in

several standards as a standard method of measuring moisture in screed and is accordingly

popular. A detailed manual about the correct application of the CM method is given in [13].

The method is based on the chemical reaction of calcium carbide with water,

CaC2 + 2H2O→ Ca(OH)2 + C2H2. (2.4)
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2.3 Common Moisture Measuring Methods

The products are calcium hydroxide and acetylene. The amount of acetylene which is pro-

portional to the water content is determined barometrically. Before measurement, the sample

must be finely crushed in order to free the enclosed water. This procedure already influences

and can falsify the moisture value.

2.3.3 Electrical Conductivity Measurement

Since water has a dissociating effect on the salts present in building materials, the conduc-

tivity of the substance increases with water content. The conductivity is easily measured

using two electrodes. The main problem of this method is to achieve a good connection of

the electrodes with the building material. Especially for tough materials (e.g. concrete) and

electrodes which are attached to the surface large fluctuations of the measurements occur.

Since the conductivity is strongly dependent on the specific material and the salinity, cali-

bration curves are indispensable for quantitative results. Furthermore, a strong temperature

dependence is observed. [5, 19]

2.3.4 Dielectric Techniques

The basis of all dielectric measurement methods is the large difference in the relative dielec-

tric permittivity of water (εr ≈ 81) compared to the dry building material (εr = 3-10). As a

result, small changes in the moisture content result in relatively large changes in the effective

permittivity of the wet material. Since the permittivity cannot be determined directly, it must

be calculated from other measurement parameters, for example capacity, impedance, travel

time, reflection and transmission factors. A detailed overview of the different methods can

be found in [19].

The measurement frequency is usually between 100 MHz and 10 GHz because of the large

real part of the water permittivity and has to be adjusted according to measurement parameter

and system design. Beyond a frequency of 10 GHz, the real permittivity decreases sharply

while the losses increase. Figure 2.2 shows the dispersion of the complex permittivity of

water at 25 °C.

Dielectric methods are ideally suited to qualitatively monitor the temporal development

of the moisture content. According to the implementation also the moisture distribution can

be measured. However, quantitative measurements are in general difficult. Each material

composition requires its own calibration function since the permittivity of the dry material is

influenced by the material density and the pore micro structure. For lower accuracy, related

material groups can be summarized. Additionally, it must be differentiated between free

water and physically/chemically adsorbed water. The mobility of the latter is significantly

9



2 Overview of Moisture Measurement in Building Materials

Figure 2.2: Real part ε′ and complex part ε′′ of the relative permittivity of water at
25 ◦C.

reduced resulting in a decrease of the relative permittivity (εr = 4-35) [19]. Other points to

consider are cross-influences such as

1. dependence of permittivity on temperature

2. dependence of permittivity on salinity

3. coupling of the probes to the sample material since air inclusions or air gaps between

the probe and the material falsify the measured values strongly

Depending on the implementation and measurement parameters, the method is destructive

or non-destructive. Common high-frequency arrangements use antennas, resonators and mi-

crowave lines.

2.3.5 Neutron Scattering

Here, the sample is irradiated with fast neutrons. During an elastic collision with the atomic

nucleus of the tested material a part of the kinetic energy is transferred from the neutron to

the core. If the mass of the nucleus is similar to the neutron’s mass, like hydrogen, almost all

kinetic energy is transferred. These neutrons are called thermal neutrons and can be detected

by a scintillation counter. Consequently, the number of thermal neutrons per time is a measure

for the amount of hydrogen atoms in the sample. Thereby, no difference is made between

bound water and free water. This must be considered for practical application. Since the

measurement is also dependent on the density of the material, a pre-calibration is necessary

to get a quantitative measurement. The application of the method requires a special training
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2.3 Common Moisture Measuring Methods

and an official permit due to the radioactive neutron source. The sample is not damaged

during the procedure. [5, 20]

2.3.6 X-Ray and γ-Ray

The use of X-radiation and γ-radiation takes advantage of the fact that building materials for

radiation with very small wavelengths are (partially) transparent. The loss of intensity of a

beam is a measure for the density of a probe between the radiation source and the detector.

The moisture content is then determined by the difference in attenuation between the wet and

the dry sample. Since the attenuation coefficients are dependent on the type of material, each

material needs to be calibrated separately. Furthermore, this method is sensitive to binding

states of water in the pore system. [5, 21]

X-ray techniques occur in several implementations from simple transmission measure-

ments using a single beam up to computed tomography (CT) which determines the 3D-

distribution of the density. Here, a very high spatial resolution is achieved by using small

wavelengths.

Due to the nature of transmission measurements, a sample must be accessible on both

sides. The maximum sample thickness is dependent on the material, the wavelength and on

the initial beam intensity. For concrete the maximum irradiated region is about 10-50 cm

[22]. When using CT, only dedicated samples can be used (e.g. drill cores). Depending on

its characteristics, the method can therefore be found both on site and in the laboratory.

2.3.7 Infrared Thermography

Since the thermal conductivity is a function of the moisture content, the surface temperature

can be used to evaluate the moisture. Therefore, an infrared camera is used to record a picture

of the sample. However, only qualitative statements are possible, since the conductivity is

also highly dependent on the ambient conditions and the material itself. The advantage of the

method is that large surfaces can be inspected very fast.

In addition, there is the infrared reflection method. Here, an infrared beam with defined

wave length (λ ≈ 3 µm) is pointed at the sample. Since this wavelength is absorbed well by

water, other cross-influences are minimized. After a calibration, quantitative measurements

are possible. However, the penetration depth of the method is only a few millimetres. [5, 23,

24]
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2.3.8 Nuclear Magnetic Resonance (NMR)

Nuclear magnetic resonance utilizes the magnetic moment of the hydrogen nucleus to detect

moisture. An external magnetic field is applied to the sample which polarises and aligns the

magnetic moments. Subsequently, a radio frequency pulse is used to measure the resulting

net magnetisation. The net magnetisation is proportional to the density of the hydrogen atoms

and, therefore, to the amount of water in the sample assumed that water is the only hydrogen

source [25]. The evaluation of the measuring signal with respect to the relaxation times allows

a differentiation of bound and free water components [26]. Furthermore, NMR is an imaging

technique and allows the determination of moisture distributions. Usually, a linear behaviour

between moisture content and measured signal is observed which makes calibration easy.

However, for strongly bound water and small pores more complex relationships are possible.

At the moment, the technology is relatively expensive and limited to the laboratory. However,

new developments concerning single-sided NMR [6] may change this. Since NMR is the

method of choice in this thesis, a detailed introduction is given in the next chapter.

2.3.9 Corresponding Relative Humidity

Porous media tend to adsorb water from the surrounding air. The specific amount is depen-

dent from the ambient relative humidity and the material properties. The sorption isotherm

denotes the relationship between the moisture content and relative humidity in thermody-

namic equilibrium. When the relative humidity inside of the material is known, the corre-

sponding moisture content can be determined via the sorption isotherm. The problem is that

the sorption isotherm is a material and temperature dependent quantity whose determination

is very time-consuming. Furthermore, hysteresis occurs between adsorption and desorption.

The measurement of the relative humidity requires a sample of the building material or a

cavity inside the material. The method is therefore destructive. [5, 7]
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3 Introduction to Nuclear Magnetic

Resonance

In 1933 Otto Stern discovered the proton spin with the Stern-Gerlach experiment [27]. Using

an external magnetic field the experiment divides a beam of particles according to their spin

components. It follows the first Nuclear Magnetic Resonance (NMR) experiment in 1946

by Felix Bloch and Edward Mills Purcell. Since then, NMR has become one of the most

powerful techniques in the fields of chemistry, biology, physics and medicine. It covers a

wide range of applications from imaging techniques (Magnetic Resonance Tomography) over

spectroscopy, up-to the investigation of porous media like rocks, soils and building materials.

3.1 Phenomenological Description

Before going into the formal, mathematical representation, a simplified, phenomenological

approach is presented to the reader to convey a sense of the effect of nuclear magnetic reso-

nance. In an NMR experiment the object of investigation is the atomic nucleus of the hydro-

gen atom which is simply given by a proton. A proton is positively charged and possesses a

property called spin. The spin can be imagined as angular momentum caused by the rotation

of the proton. However, the spin differs from a classic rotation in that each proton always

rotates at exactly the same frequency.

Since a moving charge corresponds to an electric current, a proton also has its own mag-

netic field or magnetic moment. Therefore, in our imagination, each proton can be substituted

by a microscopic bar magnet. This is illustrated in Figure 3.1. Normally, the direction of the

micro-magnets is randomly distributed and the vector sum of the single magnetic fields adds

up to zero (see Figure 3.2a). If an external magnetic field B0 is applied as shown in Figure

3.2b, the protons align themselves similar to a compass needle along the field lines. It should

be noted, however, that a spin can be both parallel and anti-parallel to the external field. With

a field strength of one Tesla this happens at the ratio of 1 000 007: 1 000 000. It is only due

to the enormous number of protons in a solid or liquid that a significant excess is generated

in one orientation. This excess creates a macroscopic magnetization. However, the external
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Figure 3.1: In the classical picture a proton is equivalent to a rotating charged sphere.
Since a moving charge corresponds to an electric current, a proton creates its own
magnetic �eld and can be imagined as a microscopic bar magnet.

field is many times stronger than the field of the aligned micro-magnets and overlaps their

field. This is displayed in the lower row of Figure 3.2b.

In order to detect the magnetisation a electro magnetic pulse with suitable frequency is

radiated. This frequency, the Lamor frequency, is proportional to ‖B0‖ and in the range of

several MHz. The energy is absorbed by the protons which causes them to tip away from

the equilibrium position along field lines. The new situation is illustrated in Figure 3.2c.

Normally, the micro-magnets would simply reorient themselves, but the protons also possess

an angular momentum through the rotation which instead leads to a precession around the

direction of B0
1. Because all micro-magnets are still pointing into the same direction, also

the net magnetisation is twisted perpendicular to B0 and begins to precess.

Although this movement seems to make the situation more complicated at first, it allows the

magnetic moment to be detected with a simple coil. The varying magnetic moment induces an

oscillating electrical voltage with an amplitude proportional to the number of micro-magnets

and protons respectively. After a certain time, the micro-magnets return the absorbed energy

to their environment in the form of heat. This is the most basic NMR experiment and results

in the exponentially decaying oscillating signal in Figure 3.2d. By using different pulses, the

experiment can be further modelled and much more information about the protons and their

environment can be achieved. For this purpose, however, the phenomenon of NMR must be

considered in more detail.

3.2 Spin and Magnetic Moment

In general, spin is an intrinsic property of the atomic nucleus, which has a close resemblance

to a classical angular momentum. However, the spin angular momentum I has to be described

1This behaviour is identical to a gyroscope within the earth gravity �eld
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Figure 3.2: Fundamental process �ow of an NMR experiment: (a) initial state, (b)
aligned spins after application of an external magnetic �eld, (c) spins after excitation
with an electro magnetic pulse and detection coil, (d) recorded response signal from the
precessing spins.

by the formalism of quantum mechanics. It is quantized and the different, allowed values

are indexed with the spin quantum number I = 0, 1
2
, 1, 3

2
, . . . . An introduction to quantum

mechanics is found in [28]. The total spin angular momentum is given by

|I| =
√
I(I + 1) · ~ [J s] (3.1)

where ~ is the reduced Planck constant. The value of I is specific to the composition of

the nucleus and cannot be chanced during an NMR experiment but only the direction of the

vector I. In this work, only hydrogen atoms, whose nuclei consist of a single proton with

I = 1
2
, are of interest. Additionally, quantum mechanic states that the projection of the spin

15
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vector along an arbitrary direction, conventionally the z-axis, can only take on the values,

Iz = ~ ·m, m = −I,−(I − 1), . . . , I − 1, I. [J s] (3.2)

Consequently, a proton has two possible values of Iz: +1
2
~ and −1

2
~. The selection of a

preferred axis can be done for example by an external magnetic field and m is called the

magnetic quantum number. This is illustrated in Figure 3.3a. Combining the conditions for

|I| (shown by the sphere) and Iz only the vectors on the two indicated conical surfaces are

allowed (blue arrows).

A spin always results in a magnetic moment µ which is proportional to the angular mo-

mentum I,

µ = γI. [A m2] (3.3)

The scalar constant γ is called the gyromagnetic ratio. Thus, the magnetic moment is either

parallel or anti-parallel to the angular momentum. The value for protons is γ1H =42.58 MHz T−1

[29].

Without an external magnetic field all spin states are degenerated and have the same po-

tential energy, and thus possess the same probability. However, when the spins are placed in

a magnetic field (B0 = B0 · êz), different spin states exhibit different energy states,

E = −µ ·B0 = −µzB0 = −γ~mB0. [J] (3.4)

This is the Zeeman effect [30], which is shown in Figure 3.3b for a spin-1/2 nucleus (m =

±1
2
). Note that similar to the angular momentum, the magnetic moments cannot align com-

pletely parallel to the magnetic field because of the restrictions placed on Iz by the laws of

quantum mechanics given in Eq. (3.2). The energy difference between the two states is

∆E = E−1/2 − E+1/2 = ~γB0 = ~ωL [J] (3.5)

with the Larmor frequency ωL = γB0, which has a central role in NMR. Equation (3.5)

means that an electromagnetic wave with frequency ωL is necessary to transfer a spin from

one energy state to the other. Usually, the energy ∆E is quite low requiring frequencies in

the range of kHz to MHz. These small values have two important consequences:

First, the difference in population between the energy states is also very small, in the order
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Figure 3.3: (a) Allowed spin vectors corresponding to the limitations of |I| and Iz
according to the laws of quantum mechanics. Adapted from [25] (b) Illustration of the
Zeeman-E�ect, the energy di�erence of the two spin states m = ±1/2 increases with
the �eld strength B0. Adapted from [25].

of 1 part in 1 000 000. This can be calculated from the Boltzmann distribution,

N+1/2

N−1/2
= exp

(
∆E

kBT

)
≈ 1 +

~γB0

kBT
, [−] (3.6)

where N±1/2 denotes the number of spins in the energy state with m = ±1
2
. As a conse-

quence, NMR is a relatively insensitive technique which suffers from poor signal-to-noise

(SNR) ratio.

Second, the lifetime of the excited states is relatively long2, in the order of milliseconds

to seconds. This results in very sharp resonance lines and allows the manipulation of the

experiment using so called pulse sequences. Additionally, the NMR experiment becomes

sensitive to the molecular motion of the spins over a wide time scale.

3.3 Magnetisation and Magnetisation Dynamics

In this section, a basic understanding for the motion of spins and the resulting net magnetisa-

tion under the effect of a magnetic field is developed. During a typical NMR experiment one

does not observe the magnetisation of a single spin but only the net magnetisation of many

spins. This net magnetisation is the vector sum of the single magnetisation vectors of the

2Heisenberg uncertainty principle ∆E ·∆t ≥ ~/2
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spins:

M =
∑

i

µi ∝ 〈µ〉 . [A m2] (3.7)

Strictly speaking, this is only true for non-interacting spins. Now, the Ehrenfest theorem

which basically says, that quantum mechanical expectation values obey Newton’s classical

equations of motion, allows to use the more intuitive, classical point of view. A detailed

introduction to NMR can be found, for example in [25].

Analogous to a compass needle, the magnetisation M experiences a torque when placed in

a magnetic field according to

dJ

dt
= M×B. [N m] (3.8)

In general, all quantities are time dependent. J denotes the net angular momentum of all

spins. Multiplying Equation (3.8) with the gyromagnetic ratio γ and using the relationship

given in Equation (3.3) yield to

dM

dt
= M× γB. [A m2 s−1] (3.9)

This fundamental equation of motion is the heart of the rotation and precession motions which

are discussed in the following.

First of all, a constant magnetic field B0 = B0êz is considered. The vector êz denots the

unit vector in direction z. Due to the cross product in Equation (3.9), it follows immedi-

ately that the magnitude M = |M| is fixed, but only the direction of the vector is changing.

Furthermore, the equation describes a rotation of the magnetisation about the magnetic field

vector B. This is seen by considering Figure 3.4. The differential change of M in the time

dt is dM = M × γB0, which is perpendicular to the plane defined by B0 and M. As a

result, the magnetisation vector is limited to a circular path around B. The rotation frequency

follows from the relation

|dM| = M sin β |dφ|, (3.10)

where φ is the angle as indicated in Figure 3.4 and β is the angle between M and B0. On the

other hand, it is known that

|dM| = |M× γB0|dt = MγB0 sin β dt. (3.11)
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β
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dϕ

dM

M

Figure 3.4: Illustration of the precession motion of the magnetisation vector which is
described by the di�erential Equation (3.9). Adapted from [25].

Comparing both equations leads to the angular velocity

∣∣∣∣
dφ
dt

∣∣∣∣ = γB0 = ωL. [s−1] (3.12)

This is the Larmor frequency which was already introduced in the last section. The complete

solution of the differential Equation (3.9) is given by

Mx(t) = Mx(0) cosωLt+My(0) sinωLt

My(t) = My(0) cosωLt−Mx(0) sinωLt

Mz(t) = Mz(0). (3.13)

3.3.1 Rotating Reference Frame

We have seen how a magnetic moment interacts with a constant magnetic field B0. In order

to discuss the effect of additional fields, especially oscillating fields, the reference frame is

changed from the laboratory frame to a reference frame rotating around the z-axis with an

angular velocity Ω. The rotation vector Ω = Ωêz is either parallel or anti-parallel to the

z-axis. The situation is displayed in Figure 3.5. The time derivative of an arbitrary vector A

in a rotating frame is written as

dA

dt
=

(
dA

dt

)′
+ Ω×A. (3.14)
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Figure 3.5: Laboratory reference frame (x, y, z) and the rotating reference frame
(x′, y′, z′) which rotates around the z-axis with angular velocity Ω.

In this context, dA
dt is the derivative of A calculated in the laboratory reference frame and(

dA
dt

)′ is the derivative in the rotating reference frame. Application of Equation (3.14) on

Equation (3.9) yields the equation of motion in the rotating reference frame,

(
dM

dt

)′
+ Ω×M = M× γB0 [A s−2]

(
dM

dt

)′
= M× (Ω + γB0) . (3.15)

When the angular velocity of the rotating frame is set to Ω = −γB0 = −ωL, the time

derivative vanishes. In other words, in a reference frame rotating at the Larmor frequency

the magnetisation vector M is constant. Thus, this transformation eliminates the ubiquitous

precession motion resulting from the static magnetic field B0 which is active all the time.

3.3.2 Radio Frequency Pulse

Now, the effect of an oscillating field on the magnetisation vector M additional to the static

field B0 = B0êz is deduced. The cumulative field is given as follows,

B = 2B1 · cosωLt êx +B0êz. [T] (3.16)

For matters of simplicity, the discussion is restricted to the on-resonance case where the

frequency of the B1 field is equal to the Larmor frequency. Such a field applied for a finite

time is called an rf pulse.
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In order to change into the rotating frame it is convenient to partition the oscillating field

into two counter-rotating fields using cos(ωLt) = 1
2

(eiωLt + e−iωLt). Since M is also rotating

with ωL, one component of Bx is constant relative to M. The other component in contrary

changes very fast and its effect is mostly averaged out. So, in the rotating frame the total

magnetic field is given by

B′ = B1ê
′
x +B0ê

′
z. [T] (3.17)

Insertion of B′ into Equation (3.15) instead of B0 yields

(
dM

dt

)′
= M×

[
(Ω + γB0)ê

′
z) + γB1ê

′
x

]
[A s−2] (3.18)

(
dM

dt

)′
= M× γB1ê

′
x. (3.19)

In the last step, Ω = −ωL is used to eliminate the effect of B0. The resulting equation is

similar to Equation (3.9). It describes a precession of M around the x-Axis in the rotational

reference frame with the frequency

ω1 = γB1. [rad s−1] (3.20)

In the laboratory frame, a superposition of this precession on top of the rotation of the co-

ordinate system itself is received. For illustration the trajectories of the magnetisation M in

the laboratory and the rotating frame are shown in Figure 3.6. Usually ω1 � ωL, but the

spiralling would then be too dense to illustrate.

Summarising, an oscillating magnetic field B1 applied perpendicular to the static field B0

and oscillating with the Larmor frequency ωL, can be used to change the direction of the

magnetisation. The rotation angle is given by

Θ = ω1 · τ = γ ·B1 · τ [rad] (3.21)

and is controlled by the field strength B1 and by the time interval τ during which the field is

applied. Two flip angles are important in the following:

1. Θ = π/2, usually denoted as a π/2-pulse or 90◦-pulse. An example is shown in Figure

3.6.

2. Θ = π, usually denoted as a π-pulse or 180◦-pulse.

Both pulses are commonly used in so called pulse sequences, for example to flip the mag-

netisation from the equilibrium position along the z-axis into the transverse plane or to invert
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3 Introduction to Nuclear Magnetic Resonance

Figure 3.6: E�ect of a π/2-pulse on the magnetisation M as viewed in the rotating
reference frame (a) and the laboratory reference frame (b). Adapted from [25]

the magnetisation. Pulse sequences are used to enhance acquisition, suppress/enhance inter-

actions and generally manipulate the spin vectors.

3.4 Relaxation and Bloch Equation

In the last sections, the behaviour of the spins, respectively of the net magnetisation, in the

presence of external magnetic fields was discussed. However, the deduced equations are

only valid in the case of non-interacting spins. This becomes obvious, when considering the

Zeeman energy or its magnetisation representation

E = −µ ·B = −γ~mB0 [J]

EM = −M ·B = −MzB0. [J] (3.22)

This implies that the magnetic moments of the system will tend to align parallel to the external

field in order to reach their minimum energy state, if energy transfer is possible. Since the

protons are usually in thermal contact with nearby atoms, energy can be exchanged with

the surrounding. Suppose, the equilibrium magnetisation M0 of the system is disturbed, for

example by a rf pulse. Through the presence of the static field, the magnetisation will return

to its equilibrium state M0 along the magnetic field after a certain time. This is obviously not

reflected in Equation (3.13) where Mz remains constant for all times.

This and other movements which go beyond the scope of Equation (3.9) are summarised as

relaxation. In the following, it is distinguished between longitudinal relaxation and transver-

sal relaxation.
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3.4 Relaxation and Bloch Equation

3.4.1 Longitudinal or T1 relaxation

Longitudinal relaxation refers to the build-up of the magnetisation in direction of the static

external field. Figure 3.7 shows the change of the magnetisation after an inversion of the

initial state by a π-pulse. The underlying mechanism is called spin lattice relaxation. It

summarises all interaction processes which allow the spins to exchange energy with their

surrounding (the lattice). The lattice takes the role of a thermal energy reservoir. The mean

energy of the spin system (spin temperature) changes during this process and equalises to the

temperature of the lattice. The relaxation follows an exponential decay law given by

dMz

dt
=
M0 −Mz

T1
. [A m2 s−1] (3.23)

T1 is the characteristic relaxation time constant of the process. Solving this equation for the

situation shown in Figure 3.7 with the initial magnetisation M(0) = −M0 yields

Mz(t) = M0 ·
(
1− 2e−t/T1

)
. [A m2] (3.24)

T1 is directly correlated with the mobility of the hydrogen atoms. The more restricted the

nuclei are in their movement, the shorter is the relaxation time. As a result, hydrogen which

is part of a solid matrix can only be measured with special equipment due to extremely short

relaxation times.

3.4.2 Transverse or T2 relaxation

This relaxation process describes the decay of the transverse magnetisation M⊥ = Mxêx +

Myêy lying in the x-y-plane. Two mechanisms are differentiated in this context: first, the

spin lattice relaxation, which causes the regrowth of Mz, simultaneously reduces M⊥, and

second, the spin spin relaxation only affecting M⊥. Processes related with spin spin relax-

ation only transfer energy between the spins themselves. Consequently, the energy of the spin

system remains constant. For example, an excited spin return to the ground state by trans-

ferring energy to its neighbour which becomes excited in turn. In this way, only the phase

relation between the spins is lost. Such spins drop out of the amount of ’coherent precessing

spins’ and M⊥ decreases. Note that M⊥, in contrast to Mz, consists of the vector sum of the

transverse components of the spin angular momentums.

Here too, an exponential time law is found with a time constant T2 ≤ T1,

dM⊥
dt

= −M⊥
T2

. [A m2 s−1] (3.25)
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3 Introduction to Nuclear Magnetic Resonance

Figure 3.7: Build-up of the equilibrium magnetisation M0 after application of a π-
pulse.

The relaxation time T2 describes how the transverse magnetisation decays with time. It can

be seen as the average time until the spins ’forget’ the direction in which they are orientated.

For example, a magnetisation brought to the x-y-plane by a π/2-pulse is shown in Figure 3.8

and decays according to

M⊥(t) = M⊥(0) · e−t/T2 . [A m2] (3.26)

In practice, there is an additional source of the dephasing of M⊥. The external static

field in an experiment always has inhomogeneities causing slight deviations of the resonance

frequency over the sample. Inhomogeneities are caused by imperfections within the magnetic

material. As a result, spins at different positions precess with different speed and reduce the

decay time. The overall decay time defined as T ∗2 is the sum of the external and internal

relaxation rates

1

T ∗2
=

1

T2
+

1

T2,ext
. [s−1] (3.27)

However, when the inhomogeneities are static and time independent the loss of transverse

magnetisation by T2,ext can be recovered. Therefore, rf pulses are applied causing a reversal of

the dephasing and generate a so called ’spin echo’. Such a pulse sequence, the Carr-Purcell-
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3.4 Relaxation and Bloch Equation

Figure 3.8: Exponential decay of the transverse magnetisation M⊥ due to T2 relax-
ation.

Meiboom-Gill (CPMG) sequence [31], is discussed in the next section. This recovery process

is not possible for the intrinsic relaxation time T2.

3.4.3 Bloch Equation and Static Field Solution

The differential Equations (3.9), (3.23) and (3.25) for the magnetisation and the relaxation

terms can be combined into one equation

dM

dt
= M× γB +

M0 −Mz

T1
êz −

M⊥
T2

. [A m2 s−1] (3.28)

This vector equation is referred to as Bloch equation [32]. The solution can be found straight

forward in case of the static field B0 and is given by

Mx(t) = e−t/T2 · (Mx(0) cosωLt+My(0) sinωLt) [A m2]

My(t) = e−t/T2 · (My(0) cosωLt+Mx(0) sinωLt) [A m2]

Mz(t) = Mz(0)e−t/T1 +M0

(
1− e−t/T1

)
[A m2] (3.29)

Figure 3.9 shows an example trajectory of the magnetisation vector. The well-known preces-

sion combined with the relaxation terms is obtained. Note that the longitudinal and transver-

sal components have different relaxation rates. For the t → ∞ the equilibrium solution

follows according to

lim
t→∞

M(t) = {0, 0,M0}. (3.30)
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3 Introduction to Nuclear Magnetic Resonance

The magnetisation M always returns to its steady state solution M0 independent of the initial

conditions. For completeness, the steady state value M0, which is derived using the popula-

tion numbers in Equation (3.6), is given for a spin I = 1
2
:

M0 = ρ0
γ2~2

4kBT
B0 [A m2] (3.31)

where ρ0 = N/V is the density of spins per unit volume.

Figure 3.9: Trajectory of the magnetisation vector M. The transverse part is atten-
uated by T2 relaxation and the longitudinal part is attenuated by T1 relaxation. The
whole process is superimposed by the Larmor precession.

3.5 Signal Acquisition and Pulse Sequences

In the previous section, the central theme has been the physical principles which are the basis

of a NMR experiment and the methods to manipulate the proton spins. The central aspects

have been the concept of spin, the net magnetisation, the behaviour of the magnetisation in

presence of an external field and the manipulation of the magnetisation with rf pulses. This

section deals with the components and the procedure of a standard NMR experiment. It is

convenient to begin with the principle of the signal acquisition which is basically the same

for all NMR devices. Subsequently, the concept of pulse sequences using the example of the

CPMG sequence is introduced.
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3.5 Signal Acquisition and Pulse Sequences

3.5.1 Signal Aquisition

An NMR experiment requires the presence of a static magnetic field at all times. In this work,

the field is generated by a permanent magnet. As a consequence the transverse component of

the net magnetisation performs a constant precession or spiralling around the static field vec-

tor. This movement is the key to the observation of the magnetisation. Since each magnetic

moment also creates its own magnetic field, Faraday’s law of induction can be exploited. A

temporarily variable magnetic flux creates an electromotive force in any closed circuit which

encloses the area S. The resulting induced voltage follows according to

Uind = − d
dt

∫

S

B dS. [V] (3.32)

Consequently, in a suitable coil close to the specimen a voltage oscillating with the same

frequency ωL as the magnetic moment is detected. The amplitude of the voltage is directly

correlated to the strength of the transverse part of the magnetisation. The following propor-

tionality between the detected, complex voltage s(t) and the magnetisation is found

s(t) ∝
∫

V

m⊥(r, 0)e−t/T2eiωLtdV [V] (3.33)

where m⊥(r, t) is the time and space dependent contribution of the transverse magnetisa-

tion. Figure 3.10a shows an example of s(t). Usually, only the envelope of the signal is

of interest and therefore the fast oscillation of the signal with the frequency ωL is removed

(demodulation of the signal).

In the equilibrium state the complete magnetisation M0 is along the external field and

M⊥ = 0. Unfortunately, only the transverse magnetisation is detected and, therefore, a rf

system is necessary to deflect the magnetisation. Usually, the same coil which acquires the

signal is also used to generate the rf pulses. The most basic NMR experiment is shown in

Figure 3.10b. The magnetisation is brought to the x-y-plane by a π/2-pulse followed by

an acquisition period. Note that there is a short delay tdead between the rf pulse and the

acquisition due to technical reasons. The acquired signal is called the free induction decay

(FID).

3.5.2 The CPMG Pulse Sequence

A pulse sequence is a series of rf pulses allowing the manipulation of the NMR experiment

in a certain way. The most simple pulse sequence is introduced in the previous section (Fig-

ure 3.10) and consists only of a single π/2-pulse. Now, a more advanced sequence, the

Carr-Purcell-Meiboom-Gill [31, 33] or CPMG sequence will be introduced. The sequence is
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Figure 3.10: (a) Free induction decay of the voltage induced in the detection coil. (b)
Illustration of the basic NMR experiment consisting of a π/2-pulse followed by a FID.

commonly used when measuring the T2 relaxation since it removes the effect of static field

inhomogeneities from the signal and, therefore, allows the measurement of the undisturbed

T2 decay. As mentioned in Section 3.4.2, the static field B0 is not perfectly homogeneous,

but shows small variations in space. These variations cause a dephasing of the magnetisation

due to different Larmor frequencies, resulting in the additional relaxation term T2,ext. Espe-

cially for low field devices which use external fields in the order of one Tesla or less, T2,ext

dominates the relaxation signal and accelerates the relaxation tremendously.

To illustrate this process, we have a look at the magnetisation vectors M(r) at different

positions r in Figure 3.11. The situation is observed from the reference frame rotating at the

average Larmor frequency ωL,av. In this frame, vectors with ωL < ΩL,av (blue) drop behind

the coordinate system while vectors with ωL < ΩL,av (red) run ahead. Right after a π/2-pulse

all vectors are aligned along the y-axis and start precessing with different velocity. After a

short time, the vectors are distributed over the x-y-plane and the average magnetisation M is

zero.

Fortunately, this effect is reversible. Therefore, a π-pulse is applied after a time te which

rotates the magnetisation vectors as shown in Figure 3.11 (3). Now, the ’fast’ and ’slow’

vectors are interchanged and the vectors begin to refocus. After an additional time interval

te all vectors are again oriented along the same direction and the initial magnetisation is

recovered. This is called a spin echo or Hahn echo [34]. After the spin echo, the dephasing

begins anew. The refocusing of M can theoretically be repeated as often as desired. In

practice, not the full magnetisation is recovered since there is the intrinsic relaxation rate

1/T2 which cannot be refocused. The result is an exponentially decaying signal. Figure 3.11

shows a summary of the CPMG pulse sequence and the resulting signal.

Besides measuring the T2 decay, the CPMG sequence accomplishes another important

function. By averaging adjacent echoes, the signal-to-noise ratio of the NMR response can
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3.6 Relaxation in Porous Media

be increased. This becomes especially important in the presence of inhomogeneous fields

and is also exploited in this thesis.

Figure 3.11: E�ect of the CPMG pulse sequence in the rotating reference frame: 1)
Magnetisation is brought to the transverse plain by a π/2-pulse at time t = 0. 2) Spins
begin to dephase due to an inhomogeneous B0 �eld. 3) Slow spins (blue) and fast
spins (red) are interchanged by a π-pulse at t = te. 4) Refocusation of the spins. 5)
Formation of a spin echo at t = 2te. The whole sequence is summarised below.

3.6 Relaxation in Porous Media

Until now, the general concepts of nuclear magnetic resonance, which are the same for almost

all kinds of experiment, have been introduced. However, when water is confined in pores the

relaxation behaviour is changed compared to the bulk phase. Following the approach of

Brownstein and Tarr [35] and considering a single water-saturated pore with volume V and

surface area S, the relaxation rate 1/Tk for k = 1, 2 for the spins in the pore consists of two
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components:

1

Tk
=

1

Tk,bulk
+

1

Tk,sc
. [s−1] (3.34)

Tk,bulk is the relaxation rate of the bulk fluid, for example pure water, and Tk,sc is the relaxation

rate describing the influence of the pore surface. The pore space can be divided into two

different domains (see Fig. 3.12): A thin layer close to the surface, where spins can interact

with the surface, and the remaining volume. Due to the different microscopic surroundings,

different relaxation rates are expected for both domains. The relaxation time close to the

surface is significantly shorter than relaxation in the bulk because of paramagnetic impurities

at the surface [36, 37]. When the self diffusion of the spins is fast enough so that each spin

is affected by the surface more or less equally, the surface relaxation rate can be written as

follows [35]:

1

Tk,sc
= χk

S

V
[s−1] (3.35)

with the surface relaxivity χk, which is a material constant. The condition for the diffusive

movement is called the fast diffusion regime. It is necessary to ensure that all spins have

the chance to relax either by bulk or by surface relaxation, which is expressed by Equation

(3.34). In contrast, in the slow diffusion regime a significant part of the spins never have

the possibility to interact with the surface and only relax by bulk relaxation. Since the self

diffusion coefficient of water3 is quite large and the pores of concrete and cement relatively

small (10 nm –1 mm), it can be assumed that the assumption of fast diffusion is true. Since

small pores also lead to high surface relaxation rates, the bulk relaxation rate 1/Tk,bulk can

often be neglected.

When observing T2 relaxation in inhomogeneous fields, there is another relaxation rate in

addition to bulk and surface relaxation:

1

T2
=

1

T2,bulk
+

1

T2,sc
+

1

T2,diff
. [s−1] (3.36)

The diffusion relaxation rate 1/T2,diff is a combined effect of the molecular motion and an in-

homogeneous static field B0, and is dependent on the pulse sequence used in the experiment.

Through the diffusive motion, the molecules experience different fields during the dephasing

(see T2,ext) and the refocusing period shown in Figure 3.11. Therefore, the spin echo is not

able to restore the complete attenuation caused by the inhomogeneities. The explicit form of

32.3 µm2 s−1 at 25 °C
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3.6 Relaxation in Porous Media

Figure 3.12: Behaviour and relaxation mechanisms of a spin which is con�ned in a
spherical pore. Adapted from [39].

1/T2,diff for the CPMG sequence in the presence of a constant field gradient G is [33, 38]

1

T2,diff
=

1

12
γ2G2Dt2e [s−1] (3.37)

with the self diffusion constant D and the echo time te. Obviously, this contribution to the

overall relaxation rate can be minimized by using small echo times. In this study, the mini-

mum available echo time is always used and decay due to diffusion is neglected (see Section

5.3). So, the relaxation rates are given by

1

Tk
≈ χk

S

V
∝ 1

r
. [s−1] (3.38)

In the last step it is used that the pore-volume-ration S/V is proportional to the reciprocal

pore radius r.

3.6.1 Relaxation Time Distribution

In general, porous media do not consist of a single class of pores but have a pore size distri-

bution (PSD). Equation (3.38) establishes a connection between the relaxation time and the

pore size. Hydrogen atoms in small pores relax faster than molecules in larger pores. As a

result, the overall relaxation of a material with a PSD consists of a superposition of different

relaxation times and the decay of the magnetisation is multi-exponential. In other words, the

PSD leads to a relaxation time distribution. In case of the transverse relaxation, the NMR

signal can be expressed by

s(t) =

∫ ∞

0

f(T2)e
−t/T2dT2 [V] (3.39)
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Figure 3.13: Schematic drawing of a single-sided con�guration (NMR-MOUSE). The
magnets provide the static magnetic �eld B0 and a solenoid coil generates the rf �eld.
The sensitive volume is located over the magnet where the rf �eld and B0 are perpen-
dicular.

where f(T2) is the distribution of relaxation times, usually called T2 distribution. The dis-

tribution f(T2) reflects the PSD of the specimen through Equation (3.34) and, consequently,

fulfils the non-negative constraint f(T2) ≥ 0.

3.7 Single-Sided NMR

Since sensitivity and spectral resolution are directly connected to the field strength and the

homogeneity of the static magnetic field, conventional NMR is performed in a field which

is as strong and as homogeneous as possible. In the past, this led to very large and heavy

magnets requiring a shielded surrounding to provide optimal protection against electromag-

netic distortions. Besides the static nature of these devices, the samples of interest cannot be

arbitrarily large, but have to fit into the bore of the magnet.

For that reason, the concept of inside-out NMR was born. Mainly driven by the petroleum

industry, the first devices which were able to measure in a magnetic field outside of the device

itself was developed in the early 1950s. These well-logging tools allow to study the rock

formation and fluid composition in boreholes. While early devices used the Earth’s magnetic

field as polarisation field, nowadays permanent magnets creating a much stronger field are

incorporated into the devices. More information about different magnet geometries of well

logging tools and application is found in [40–42]

Triggered by the success of NMR in the oil industry, other applications have been sug-

gested in the field of non-destructive testing (moisture in building materials, food and soil)
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3.7 Single-Sided NMR

[43–48], quality control and process control [49, 50]. Therefore, tools have been developed

to fit the new requirements. These tools are usually referred to as unilateral or single-sided

NMR devices since the sensitive volume is located at a defined position in front of the de-

vice (see Fig. 3.13) and no longer within the bore of the magnet. Although, various devices

[6, 44, 51, 52] have been reported, the NMR-MOUSE [6, 53, 54] is probably the most noted

representative of this class of devices. Single-sided systems are (usually) mobile and allow

investigating arbitrarily extended samples compared to common NMR devices which allow

only the investigation of samples with limited geometric dimensions. However, these ad-

vantages are bought by a significantly reduced signal-to-noise ratio. Although the magnetic

field of single-sided systems is in general not homogeneous, the principles discussed in the

previous sections are still valid. Also, the CPMG sequence can still be used to measure

the T2 relaxation decay when some additional effects are considered. A good review of the

development and state of the art of single-sided NMR is given in [6].

3.7.1 CPMG Sequence in Inhomogeneous Fields

In the presence of grossly inhomogeneous fields the CPMG sequence is a central tool to

analyse the relaxation behaviour of a sample or to increase SNR. Although the sequence has

essentially the same effect as in a homogeneous field, there are some differences.

In the inhomogeneous field, the flip angles of the rf pulses are no longer well-defined and

different for each spin, respectively. This stimulates different types of echoes (direct echo,

stimulated echo) and the actual echo consists of a superposition of these. After a transient

of the first 1-2 echoes the superposition achieves a steady state and the expected T2 decay is

recovered. This can be seen in Figure 3.14 which shows a measurement of water. The first

echo is significantly smaller than expected.

However, since the strength of the transient phase is only dependent on B0, B1 and the ac-

quisition bandwidth, the deviation of the first echoes can be experimentally corrected. There-

fore, a correction factor Ci = si/st is calculated where si is the expected value of the i-th

echo and st the transient amplitude. From Figure 3.14, we obtain the correction for the first

echo: C1 = 1.329. The second echo is already very close to the equilibrium and, therefore, is

not corrected. Obviously, the noise is also enhanced by the correction. So, the first echo has

a smaller SNR compared to the subsequent echoes. For a detailed discussion and derivation

it is referred to [6, 55, 56].
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Figure 3.14: CPMG echoes measured in presence of an inhomogeneous static �eld B0.
The �rst echo shows a transient and is attenuated. The square shows the corrected
value of the echo.

34



4 Materials, Equipment and

Methods

In this chapter, the overall experimental conditions are presented. First, the used screed

materials and specimens are shown followed by a description of the measurement devices

and acquisition parameters. In this context, the recorded data and the necessary processing

steps are summarised.

4.1 Tested Materials and Preparation

Four different commercial floor screeds were investigated in this study, two cement screeds

and two calcium sulphate (anhydrite) floating screeds. Cement screed is the traditional and

most common screed type. In particular, the universal applicability is one of the strengths

of cement screed. Since it is low-wear, temperature and moisture-resistant, it is used both

in housing construction and in administrative and industrial buildings. However, it usually

requires several weeks of drying before it is ready for flooring. On the other side, calcium

sulphate screed is characterised by fast drying and easy processing. Especially for indoors

and in combination with underfloor heating, calcium sulphate screed is very popular due to

short drying times and low risk of crack formation. However, it is susceptible to moisture

and, therefore, not applicable everywhere.

Since the focus of this work is primarily on the methodological side, only a selection of

representative screeds types is investigated instead of a large variety of different materials.

Therefore, two examples for each material type were considered as sufficient to provide the

proof of principle of the presented methods. An overview of the materials is given in Table

4.1. However, for each material multiple samples from different batches were prepared to

cover material specific variations and evaluate potential error sources.

All samples were prepared with regular tap water and not with purified water in order to

obtain realistic measurement data. The mixing was performed with a hand-held agitator;

the amount of water was chosen as specified by the manufacturer. Three different specimen

geometries were used in this work. Figure 4.1 shows photographs of the different types.
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Table 4.1: Designation and speci�cation of the used materials

ID Binder Trademark Product ID Density
[kg m−3]

Water
[l/40kg]

CS1 CT Sakret BE 2000 4.6
CS2 CT Quickmix Schnellestrich 1900 3.2
CA1 CA Knauf Gips KG FE50 Largo 2100 6.5
CA2 CA Weber SG Flieÿestrich

Anhydrit
2050 6.0

First, small cylinders with 10 mm diameter were prepared. After mixing, the samples were

sealed for 7 days followed by a 5 h period of underwater storage. These samples are used

to determine the T2 distributions of the different materials with a NMR relaxometer. The

bore has only a diameter of 10 mm which makes the mentioned geometry necessary. The

relaxometer and the extraction of the T2 distribution are described in Section 4.3. For practical

application on the construction site, these samples are not required. Rather, a database of

T2 distributions with representative materials is built up in advance. If the material to be

measured is not available in the database or if the precision of the measurement has to be

increased, a sample can be taken from the building component to be measured and sent in

for surveying. The sample only has to have a diameter smaller than 10 mm and a volume of

about 1 cm3. The actual measurement of the distribution takes only a few minutes. However,

the corresponding devices are currently very expensive.

Second, cylindrical specimens with 40 mm height and 110 mm diameter were prepared.

These specimens were used for testing with the NMR-MOUSE [54] to validate the proposed

correlation model. All sides beside the topside have been sealed to slow down the drying

process and to allow only for one-dimensional moisture distributions within the material.

After mixing, the screed was distributed to the specimen containers and sealed for 3 days

to prevent premature drying resulting in incomplete hydration. This time period has been

chosen to ensure, that the pore structure is already very well developed before starting the

NMR measurements. After this time, the top surface was unsealed and the samples were

stored in the cellar for 6 weeks. The environmental conditions in the cellar vary slowly with

the seasons (winter: 20 °C, 30 %; summer: 23 °C, 50 % RH) but remain almost constant for

the drying time of a single sample. After 6 weeks, the drying rate has slowed down drastically

and a climate cabinet at T = 40 °C and RH= 5 % was used to accelerate the drying process.

It was assumed that the accelerated drying compared to "natural drying" had no appreciable

influence on the samples at this time since the pore system was already almost completely

formed. A remeasurement of the samples after re-saturation also showed that the hydration

reactions almost stopped after the first 1-2 weeks (see Section 5.6). This method allowed to

36



4.1 Tested Materials and Preparation

Figure 4.1: (a) Cylindrical specimen with 10 mm diameter used for T2 distribution
measurement. (b) Cylindrical specimen with 40 mm height and 110 mm diameter. All
sides except the topside are sealed. (c) Cylindrical specimen with 40 mm height and
300 mm diameter. All sides except the topside are sealed.

strongly speed up the experiments and was necessary to reach low moisture content values.

During the entire time, the weight and the NMR relaxation signal have been recorded on a

daily basis.

Finally, larger samples with a diameter of 300 mm and a height of 40 mm have been used

in the last part of this work concerning the prediction and simulation of moisture in drying

screed. The specimens are sealed and prepared identically to the 110 mm cylinders. These

larger samples are intended to simulate a one-dimensional drying process, as usually happens

in a house where a large floor space is laid. Therefore, the accelerated drying in the climate

cabinet was not performed for these specimens. Due to the larger radius, the influences of the

periphery on the cylinder jacket should be minimized. The cylinder jacket itself consists of a

10 mm thick polyvinyl chloride (PVC) pipe which offers a good insulation.
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4.2 Single-sided NMR Measurements

4.2.1 NMR-MOUSE

To perform the single-sided NMR measurements, the NMR-MOUSE P251 was used. Figure

4.2a shows a picture of the device; an illustration of the magnet design is given in Figure

3.13. The NMR-MOUSE operates at a frequency of 13.4 MHz (0.32 T). The design of the

magnet and the rf coil create a sensitive volume of 40x40 mm with 130 µm thickness which is

located 19.8 mm above the surface of the magnet. Only hydrogen atoms within this volume

are measured. A detailed description of the magnetic field and the rf field is found in [6, 54].

The whole NMR probe is mounted on a mechanical lift which can move the set-up up and

down in steps of 50 µm. So, the sensitive volume can be shifted between 0 and 19.8 mm

above the surface of the sensor allowing to measure a depth profile of the sample. Figure

4.2b shows a schematic drawing of a specimen and the whole volume which can be measured

by the NMR-MOUSE. The red slice shows the sensitive volume. The spatial resolution of

the depth profiles was set to 3.4 mm with an initial depth of 1.5 mm and a profile length of

18.5 mm. All samples were measured from both sides to cover the whole depth of 40 mm.

At each position a CPMG echo train was performed with the acquisition parameters as

shown in Table 4.2. Especially the repetition time and the number of scans have been defined

to accomplish a reasonable trade-off between SNR and measurement time. The outcome of

a complete measurement consists of a two-dimensional dataset. The first dimension is the

relaxation time and the second dimension is the depth of the sample. The processing steps

to calculate the mean moisture value from these data are summarised in Figure 4.3. The first

step is to reduce the 2D dataset by averaging the echoes 2 to 4. Why this method is used,

instead of the often applied mono- or bi-exponential curve fitting to determine the initial

amplitude, is discussed in the next chapter. Note that the first echo has been discarded due

to the transient arising when using the CPMG sequence in stray field experiments [55, 56].

Although it can be corrected (see Section 3.7.1), better results have been obtained by only

using echo 2 and subsequent.

In the next step, the amplitude profile is transformed into a moisture profile using a cali-

bration curve presented in Section 5.1.2. In this work, the sample height is always measured

meaning that 0 mm denotes the bottom of the sample. Finally, the mean of the moisture

profile over the whole sample depth is taken to obtain the moisture content of the sample.

1Magritek GmbH, Aachen, Germany
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Figure 4.2: (a) Picture of the NMR-MOUSE PM25 [57]. (b) Specimen with the
measurement volume accessible by the NMR-MOUSE by moving the sensitive volume
through the sample (not to scale).

Table 4.2: NMR-MOUSE PM25 acquisition parameters used for moisture measure-
ments.

Puls sequence CPMG

Frequency 13.44 MHz Gradient strength 7.3 T m−1

Spacer 5 mm Echo time 90µs
Resolution 130µm Repetition time 200 ms
Min. depth 1.5 mm No. of scans 400
Max. depth 18.5 mm Measurement time 10 min
Depth increment 3.4 mm
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Figure 4.3: Basic processing steps to get the average moisture content from a NMR
measurement using the NMR-MOUSE. The 2-d dataset is reduced by averaging the
echoes 2 - 4. The resulting NMR depth pro�le is smoothed and transformed into
moisture content using a calibration function. Finally, the average moisture content
across the entire pro�le is calculated.
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4.2 Single-sided NMR Measurements

4.2.2 Noise Floor

Like all kinds of real measurement systems, also the NMR-MOUSE is not perfectly accurate

and suffers from external and internal noise sources. Typical external noise sources are for

example FM radio stations, electric engine, shim and gradient coils. Prior to measurement,

these disturbances should be minimized as much as possible.

Internal noise sources, however, are intrinsic to the measurement system and cannot be

eliminated. The primary source in NMR is thermal noise (Johnson-Nyquist noise) in the

electric circuits which results from the thermal movement of the charge carriers [6, 58]. In

order to evaluate the uncertainty of the measurement system the noise floor of the NMR-

MOUSE and the surrounding is evaluated. Under the assumption that the noise components

of the signal are randomly distributed averaging nmeasurements effectively reduces the noise

level by

σn =
σ1√
n

[µV] (4.1)

where σ1 denotes the rms noise of a single measurement and σn the rms noise of the average

of n measurements. Obviously, the averaging becomes ineffective with increasing number of

repetitions.

To determine the noise floor of the NMR-MOUSE with respect to the acquisition param-

eters, measurements in air without sample were performed and the distribution of the echo

amplitudes is analysed. The result of this measurement is shown in the histogram of Figure

4.4a. Note that each echo consists of the average value of 400 scans. As expected, they follow

a normal distribution with a standard deviation of σe
400 = 0.006 35 µV and mean zero. Due

to the averaging of 3 adjacent echoes in the data processing chain (see Figure 4.3 step 1), the

noise is further reduced to σ = σe
400/
√

3 = 0.003 66 µV. Note that the signal-to-noise ratio

increases less since the echo amplitudes are not constant but are attenuated by relaxation.

Consequently, the averaging of echoes which are strongly attenuated becomes less effective

or even unfavourable.

The noise level σ is used to calculate the observational errors of the moisture content. To

get an idea of the size of the errors, Figure 4.4 shows a moisture profile from NMR data and

the errors based on σ with a confidence interval of 95 %. All errors shown in this study use

this confidence level.
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4 Materials, Equipment and Methods

 std = 0.006345

Figure 4.4: (a) Noise distribution of CPMG echoes with 400 averages. It follows a
normal distribution with mean zero and standard deviation 0.006 35µV. (b) Example
moisture pro�le from NMR measurements with error bars (95% con�dence).
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4.3 T2 Distribution and Inverse Laplace Transformation

4.3 T2 Distribution and Inverse Laplace

Transformation

To get the T2 distribution of the different materials, the 22 MHz system MagSpec and driveL[59]

with the radio frequency amplifier RF-1002 is used. The specimen size of the system is lim-

ited to cylindrical samples with 10 mm diameter. The sensitive volume is approximately

10 mm high. Figure 4.5 shows a picture of the NMR system and a schematic drawing of the

inner structure. The system has a significantly higher SNR and a shorter echo time compared

to the NMR-MOUSE. The T2 relaxation decay was measured using a CPMG sequence with

40 µs echo time and a total echo train length of 100 ms. Fully saturated samples were used

for the measurements. In order to achieve saturation, the samples were stored under water.

The interpretation of NMR relaxation data in terms of its PSD requires to extract the T2
distribution function f(T2) (Eq. (3.39)). Therefore, the mathematical method of the inverse

Laplace Transformation (iLT) [60–62] is used. Unfortunately, the use of this method is not

straight forward due to its ill-conditioned character. In general, there is no unique solution

to the inversion problem, meaning that different distributions fit the experimental data within

experimental errors. This has to be taken into account in the interpretation of the results. A

conventional least-squares fit will lead to following problems. First, the distribution function

consists of sharp, delta-like peaks which are in most cases non-physical. Second, the single

peaks are highly affected by noise, so different measurements result in different distributions.

The solution of the inversion problem can be made more robust by regularisation. A com-

mon regularisation method is the Tikhonov regularisation (also known as ridge regression)

[61–64]. An additional term is added to the sum of squared residuals penalizing solutions

f(T2) with single, very sharp features and smoothing the distribution function. The new

minimization problem with respect to f(T2) is

min
f(T2)

C(λ)

C(λ) =
N∑

i=1

[si − s(ti)]2 + λ

∫ ∞

0

f(T2)
2 dT2. [V2] (4.2)

s(ti) =

∫ ∞

0

f(T2) e
−ti/T2 dT2 [V]

N is the number of data points and si is the experimental data. The minimization problem is

solved iteratively starting from an initial guess, for example f(T2) = 1. The regularisation

parameter λ controls the strength of the penalty and, therefore, the smoothing. Increasing

λ the smoothness of the solution increases until the fit of the data becomes poor. It is very
2Pure Devices GmbH, Würzburg, Germany
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Figure 4.5: Picture of the Pure Devices System MagSpec and schematic drawing of
the inner structure of the NMR system.

important to adjust λ to a good value between instability and bias. A common approach is to

choose λ so that it yields the smoothest solution while still keeping the error small. Figure

4.6 shows a fit for three different values of λ, the corresponding T2 distributions and the

mean squared error (MSE) as a function of λ. To determine the optimal value λopt the S-

curve method described in [63, 65] is used. The condition to select the optimal regularisation

parameter is set to

d(log MSE)

d(log λ)
= 0.1 . (4.3)

Note that λopt is not unique and that other methods to choose the regularisation parameter

exist. Since the T2 distribution has to be a positive function, a non-negativity constraint is

applied in addition to the regularisation term.
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Figure 4.6: Inversion results of a multi-exponential signal using Tikhonov regularisa-
tion with di�erent values of λ. (a) Data to be inverted and �tted curves; (b) Corre-
sponding T2 distribution; (c) Mean squared error of �t as a function of λ.
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4.4 Reference Moisture Content

The reference method to determine the moisture content is the gravimetric Darr method ac-

cording to DIN EN ISO 12570 [8]. The mass of a sample is monitored during the drying

process with a balance. Subsequently, the sample is dried at 105 °C for cement screed and at

40 °C for anhydrite screed until constant weight. The difference between wet and dry mass

determines the evaporable moisture content. The time intervals between two data points were

adjusted according to the drying regime and varied from hours to several days. The accu-

racy of the weighing device is ±0.01 g. Since the samples are of the order of 0.1-10 kg, the

reference values are assumed to be exact.
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NMR-Moisture Correlation Model

In this chapter, the connection between the NMR amplitude and the moisture content within

capillary porous materials is discussed. A single NMR measurement comprises plenty of in-

formation about the test object. Besides information about the moisture content the relaxation

behaviour contains information about the pore size distribution, the pore geometry and the

presence of magnetic impurities. However, these properties are, in general, interlinked what

makes a decomposition of the contributions often difficult. A special case is the initial NMR

amplitude, which is most commonly used for moisture determination since it is directly pro-

portional to the moisture content. The NMR amplitude is discussed in the following section.

However, under some conditions the NMR amplitude cannot be reliably determined and

an alternative approach is needed. Therefore, in Section 5.1.2 an extended approach to calcu-

late the correlation between arbitrary signal amplitudes of the NMR signal and the residual

moisture content in porous media is presented. The basis of this model is the T2 distribution

measured at saturation combined with a capillary bundle model. Subsequently, experimental

results of different screeds and concretes are presented and discussed. Especially, the achiev-

able precision is of peculiar interest. In addition, parameters which influence the proposed

model (e.g. diffusion, regularisation) and its application (e.g. hydration) are also discussed

in this chapter. Main parts of the method presented in this chapter are published in [66].

5.1 Derivation of the NMR-Moisture Correlation

5.1.1 The initial Amplitude and its Problems

As discussed in Chapter 3, the equilibrium magnetisation M0 is proportional to the proton

spin density ρ0. As a result, it is a perfect measure for the hydrogen, respectively the water

density. M0 can be determined as the initial NMR signal value s(t = 0) right after an
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5 Development of a generalised NMR-Moisture Correlation Model

excitation by a π/2-pulse. The following relationships apply,

s(t = 0) ∝M0 ∝ ρ0 ∝ θl (5.1)

with the liquid water content θl. The protons in the water vapour phase are neglected due to

the low sensitivity of NMR.

However, due to the definition of moisture even the dry state of a material can contain pro-

tons, either as part of the material matrix or as strongly bound water which is not evaporable

at the drying temperature. Consequently, a calibration of the moisture content correcting this

offset is necessary.

Another important point is that a signal acquisition right after a rf pulse is not possible

because of the unavoidable acquisition delay tdead of the electronic components. Therefore,

only s(tdead > 0) can be measured. In case that the relaxation times are considerably larger

than the dead time, tdead � T2, the relaxation attenuation can be neglected and

s(tdead) ≈ s(0). [V] (5.2)

If the signal is already significantly attenuated during the time tdead, the complete decay signal

can be measured, for example by a CPMG sequence, and used for extrapolation back to the

initial amplitude. The extrapolation is done by fitting a (multi-)exponential decay to the

relaxation decay of the signal. This is the conventional method to determine moisture with

NMR.

However, this lucky case cannot be considered to be the general case. If fast-decaying

signal components fall into the critical limit given by the acquisition delay and the echo

time, respectively, in combination with a low SNR, a significant error propagation due to

the extrapolation must be expected. Consequently, the initial amplitude is disqualified to be

a reliable measure for the moisture content. This effect multiplies for low signal-to-noise

ratios. Especially the inverse Laplace transformation [60–62], which is commonly used to

fit multiexponentially decaying signals, becomes imprecise under the described conditions

since it is ill-posed and highly vulnerable to noise.

A situation where these conditions often occur is the measurement of building materials

using single-sided NMR. For building materials, especially concrete and screed, very short

T2 relaxation times (10 µs-100 ms) are found which are of the order of the acquisition de-

lay or even shorter. Additionally, the complex pore structure results in a complex relaxation

time distribution preventing the use of simple fitting functions like single or bi-exponential

decay functions. A multi-exponential decay has to be fitted using inverse Laplace transfor-

mation. At the same time single-sided NMR is known to have a very low SNR compared
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5.1 Derivation of the NMR-Moisture Correlation

Figure 5.1: CPMG series of a saturated sample measured by Pure Devices System and
NMR-MOUSE. Left axis applies to Pure Devices system, right axis to NMR-MOUSE.

to conventional NMR systems [6]. Figure 5.1 shows the original data of a CPMG time se-

ries from the NMR-MOUSE (13.4 MHz) and another CPMG series from the Pure Devices

System (22 MHz). Both were recorded on a concrete sample close to saturation. Although

400 averages have been taken with the NMR-MOUSE, the SNR of the echoes is about 100

times lower compared to the Pure Devices system with only 50 averages. In both cases, the

measuring time was about 7 minutes. The first echo of the NMR-MOUSE at t = 90 µs

suffers from the transient behaviour which arises from the application of CPMG sequences

in grossly inhomogeneous B0 fields. Since moisture values much lower than saturation are

usually of interest, the SNR becomes even worse.

Figure 5.2 shows the moisture content determined from the initial amplitude as a function

of the gravimetric moisture content for a concrete screed. The initial amplitude was calculated

by inverse Laplace transformation and calibrated with a measurement of pure water; the first

echo of each CPMG series was experimentally corrected before fitting (see Section 3.7.1).

The results still show the correct correlation, however, with an unsatisfactory precision. With

respect to the moisture content the standard deviation is 0.014 kg/kg. With the application in

mind, this is way too much for a measurement device.

In principle, the results can be improved by simply increasing the number of averages n

during the measurement to obtain a better SNR. However, since noise decreases only with
√
n, this strategy would result in extremely long measurement times. One measurement of

the whole sample in Figure 5.2 took about 20 minutes. Simply improving the SNR by the

factor of two, would result in a measuring time of 80 minutes. This is not feasible for a

practical application.
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5 Development of a generalised NMR-Moisture Correlation Model

Figure 5.2: NMR moisture content from the initial amplitude against gravimetric
moisture content for the concrete screed CS1. The measurement was performed using
the NMR-MOUSE. The calibration of the initial amplitude was obtained with water.

In order to circumvent the extrapolation to the initial amplitude and the associated problems

with the inverse Laplace transformation, an alternative model is proposed which directly

correlates the relaxation attenuated signal amplitudes (e.g. echos of a CPMG experiment)

with the moisture content. Unlike the conventional method, the proposed one yields accurate

results with high precision in situations with low SNR.

5.1.2 Generalisation towards Attenuated Signal Amplitudes

In the previous section only the initial NMR amplitude has been related to the moisture con-

tent. Now, a method should be developed to generalise this relationship. The target is to

derive the correlation function between moisture content and NMR amplitude at times t ≥ 0.

According to Section 3.6 the decay behaviour of the NMR amplitude is controlled by

the T2 distribution f(T2). Likewise, the T2 distribution is an indicator of the pore space of

the material, or more precisely the water filled part of the pore volume. Consequently, the

distribution f(T2) becomes a function of the saturation θ. The moisture dependent NMR

signal can be written as follows,

s(t, θ) =

∫ ∞

0

f(T2, θ) e
−t/T2 dT2. [V] (5.3)

In order to evaluate Equation (5.3) and to receive a correlation function which is able to

predict the moisture content on the basis of a NMR measurement, an ansatz for f(T2, θ) is

required.
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Bundle of Capillary Tubes

r

Figure 5.3: Capillary bundle model; the material is characterised by parallel, inter-
connected, capillary tubes. The radii of the tubes are distributed according to the pore
size distribution.

The proposed model follows a similar approach like Mohnke [67] who predicted water

retention curves of soils and natural rocks from NMR relaxation measurements. The ap-

proach characterises the pore structure of the material as a bundle of parallel, interconnected,

capillary tubes [68]. This is illustrated in Figure 5.3. The radii of the tubes are distributed

according to the pore size distribution of the material. Following the Young-Laplace equa-

tion connecting the capillary action with the tube diameter, small tubes have a greater suction

force than larger tubes. Consequently, the tubes are successively filled beginning with the

smallest ones as the water saturation increases. Likewise, in the reverse process (e.g. during

drying) the larger tubes are emptied first. It is important to note that this concept applies in

particular to condensation and evaporation processes, while other effects dominate for liquid

water absorption.

Through application of this law the moisture dependent cut-off radius rc(θ) can be defined.

It determines the maximum radius up to which the tubes of the bundle are saturated. Since

the pore radius is directly related to the relaxation time T2 by Equation (3.38), the radius

rc(θ) leads to a cut-off time T c2 (θ). Under this condition the dependency of f(T2, θ) from θ

is separated from the distribution itself. The T2 distribution can be written by the following

product approach,

f(T2, θ) = f0(T2) · H(T c2 (θ)− T2). [V s−1] (5.4)

The distribution f0(T2) denotes the T2 distribution at a reference saturation value θ0 ≥ θ and

H(·) denotes the Heaviside step function. Although, the reference value θ0 is in principle

freely selectable as long it is larger than θ using θ0 = 1 is recommended. Equation (5.4) can

be interpreted as follows: Beginning with a distribution f0(T2) at a high degree of saturation
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5 Development of a generalised NMR-Moisture Correlation Model

θ0, the tubes with the largest radii and longest T2 times, respectively, are removed until the

saturated pore volume is reduced to the value θ.

The expected NMR relaxation decay s(t, θ) of this distribution is given by

s(θ, t) =

∫ ∞

0

f0(T2) · H(T c2 (θ)− T2) e−t/T2 dT2

=

∫ T c2

0

f0(T2) e
−t/T2 dT2. [V] (5.5)

In order to evaluate the integral a condition for the cut-off time T c2 is required. This is given

by the proportionality between the initial amplitude and the moisture content in Equation

(5.1). The proportionality becomes equality by considering the ratio between θ and θ0,

θ

θ0
=

s(t = 0, θ)

s(t = 0, θ0)
[−] (5.6)

Expressing the NMR signals in terms of the T2 distribution further yields

θ

θ0
=

∫ T c2
0
f0(T2)dT2∫∞

0
f0(T2)dT2

. [−] (5.7)

In the denominator it has been used, that for θ0 the cut-off radius is infinite since f(T2, θ0) =

f0(T2). Note that this equation can not be solved analytically for T c2 for arbitrary distributions

f0(T2).

Figure 5.4a shows a T2 distribution f(T2, θ) for three different values of θ. By reducing

the moisture content by 50 %, the area under the curve is reduced by the same proportion.

The corresponding calculated relaxation curves are shown in Figure 5.4b. For a certain point

on the signal time series t = t0 > 0 (for example different echoes of a CPMG sequence)

a single moisture-NMR correlation curve is calculated. It is constructed as follows. First,

choose a moisture value θ and solve Equation (5.7) for T c2 . Then, the corresponding expected

NMR amplitude is calculated from Equation (5.5). These steps are repeated for a number

of moisture values to get the moisture content as a function of the NMR amplitude. The

correlation for the three different times t0 = 0, 90, 270 µs is displayed in Figure 5.4c. For t0 =

0 s the linear relationship is recovered as expected. For t0 > 0 a more complex behaviour is

found and the sensitivity of the NMR amplitude to changes in the moisture content decreases

dramatically.

Often, multiple CPMG echoes are co-added or averaged in an experiment to improve the

SNR. In this case, the correlation curve of the sum signal is obtained by co-adding the ex-

pected NMR amplitudes (Eq. (5.5)) at the respective echo times in the same way as the

CPMG echoes. Consequently, the resulting correlation function depends on the number of
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the accumulated echoes and the echo time. If one of these parameters changes, a new curve

needs to be calculated.

With respect to the signal time t0, three major domains can be distinguished regarding

the T2 times resulting in different behaviour of the correlation curve. First, contributions

with T2/t0 � 1 are too fast to result in a considerable echo amplitude. These contributions

are irretrievably lost for interpretation. In this domain the correlation curve is not sensitive

to changes in moisture expressed by an almost vertical slope. Second, contributions with

T2/t0 � 1 show practically no attenuation and yield a linear relationship with the same slope

as for t0 = 0s. Last, there are relaxation components T2/t0 ≈ 1 which lead to non-trivial

curve shapes. The width of each domain in the correlation curve is determined by the integral

of the T2 distribution over this domain.

There are some issues which have to be mentioned at this point. First, it has been expected

that the T2 distribution or the NMR signal only includes hydrogen atoms which are counted

to the actual moisture content. Hydrogen chemically bound to the material matrix is therefore

excluded. This assumption is supported by the findings of [26] and also by the experimental

results presented in this work. It is expressed by satisfying the condition θ = 0⇒ s(t) = 0.

Second, the proposed model is so far a binary model which allows the single classes of

pores only to be fully saturated or to be completely empty. This is a strong simplification

of the actual situation since complex effects of moisture storage in porous media, like dif-

ferent pore shapes [69], partial desaturation of single pores [70, 71] and hysteresis are not

captured. Although models exist which partially capture such phenomena [71, 72], an appli-

cation always requires additional information like actual pore radii or pore shapes. In order

to acquire this data additional experiments (e.g. mercury intrusion porosimetry [73]) are

necessary. However, this work explicitly focuses on improving the moisture measurement

with only a minimum set of additional information which is the T2 distribution in this case.

Furthermore, the experimental results show that the binary model seems to capture the most

important features of the drying behaviour of the considered materials.

Last but not least, Equation (5.7) still contains the T2 distribution f0(T2) and the corre-

sponding moisture value θ0. The distribution is a material property which has to be provided

by additional experiments or literature. This is a drawback of the proposed model compared

to the calibration via the initial amplitude. While for the conventional method the individual

pore structure of the material has no influence, in the advanced model a unique correlation is

received for each PSD. However, f0(T2) becomes useful later on in this work by providing

crucial information to characterise the transport properties of the materials for simulation of

moisture. Furthermore, the model establishes a connection between the moisture content and

the relaxation time distribution. When linking the relaxation times with the pore sizes, it
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can be determined in which pores the majority of the water is located for a certain moisture

content, which is an important information for a further analysis of concrete and screed. In

order to assign pore sizes to relaxation times the surface relaxivity of the respective material

is required (see Equation (7.14)). In literature some values can be found for cement hydrates

[26, 74, 75], natural rocks [76, 77] and some other materials [78]. If the material composition

is unknown or no literature values are available, the surface relaxivity needs to be determined

experimentally. Often, pore size distributions from mercury intrusion porosimetry and gas ad-

sorption (BET) are compared with NMR relaxation time distributions for this purpose [78].

Recent publications also indicate, that it is possible to reliably extract the surface relaxivity

directly from NMR measurements using advanced pulse sequences [79–81].
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10-5 10-4 10-3 10-2 10-1

Figure 5.4: (a) T2 distribution for di�erent moisture content values (θ = 1, 0.9, 0.5)
according to the presented method. Note that θ = 1 is equivalent to e�ective saturation.
(b) Reconstructed NMR relaxation signals. (c) Moisture content as a function of the
expected NMR signal s(t, θ) evaluated for �xed times (t = 0, 90, 270 µs).
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5.1.3 Calibration of the Correlation Curve

In the previous section a model is presented to derive a correlation curve between the mois-

ture content and one or multiple CPMG echoes. So far, the correlation curve calibrated to

the NMR relaxometer with high SNR used to measure the T2 distribution of the material is

obtained. However, this is not very helpful since a device which is able to provide the T2
spectrum with the required resolution is also able to provide a very accurate initial amplitude.

On the other hand, a (single-sided) device which has the described problems getting the ini-

tial amplitude cannot provide the necessary T2 distribution. To benefit from the calculated

correlation curve, it needs to be calibrated to the single-sided NMR device. Therefore, the

echo amplitude axis must be adjusted to match the new signal level. A necessary condition

for this is that both devices work at a B0 field strength of the same magnitude. Otherwise,

relaxation time dispersion [82] will result in different T2 distributions and correlation curves.

Due to different detection coils, amplification factors and internal processing, two different

NMR devices will provide different amplitude values although the sample might be identical.

This is called the signal level. The most simple way to transfer values between NMR de-

vices is by a comparative measurement with both devices at the same material with the same

moisture content. From these two values a scaling factor for the amplitude axis is calculated.

In case that it is ensured that the sample volume is identical for all measurements, the dif-

ference in signals is a property of the NMR devices themselves and the transfer factor only

needs to be determined once. However, for building material and small volumes this could

be problematic because of the heterogeneity of the material or if the sample is extracted from

a larger specimen. Therefore, it is suggested determining the calibration factor separately

for each screed type. Summarising, the minimum set of necessary measurements to generate

and calibrate the correlation curve of a material is: θ0, f0(T2) and the relaxation decay at θ0
measured by the single-sided device.

In the case that no comparable measurement of the material at a known moisture content

is available, an alternative method is suggested. It is based on the properties of the calculated

correlation curve and only requires the moisture value θ0, the correlation curve, respectively

f0(T2), and the slope of the correlation curve at t0 = 0 of the single-sided device. The latter

can be easily determined by measuring water. The advantage is that no pre-measurement of

the material by the single-sided device is necessary. To calibrate the axis advantage is taken

of the fact that for the range T2/t0 � 1 the correlation curve is linear with the same slope as

it is for t0 = 0. Since the moisture axis is fixated through θ0, this provides a unique condition

to determine the unknown scaling factor.
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Figure 5.5: Illustration of the calibration procedure transferring the correlation curve
to the signal level of the single-sided device.

Mathematically, the condition is expressed as follows

1m3

m3

Awater
=

θ0 − θlin

c · (a0 − alin)
[V−1] (5.8)

with a0(alin) the uncalibrated amplitude corresponding to θ0 (θlin), Awater the initial amplitude

of water measured by the single-sided device and c the unknown scaling factor. Figure 5.5

illustrates how the correlation curve can be calibrated using the parallelism condition. Of

course, the application of the method requires that the correlation curve contains at least a

small linear domain.
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5.2 E�ect of Inhomogeneous Moisture Distribution

The reference method to determine the true moisture content of a sample is oven drying.

Unfortunately, only the average moisture content of a sample is determined by this method. In

general, screed and concrete do not have a homogeneous moisture distribution during drying.

A problem which arises when comparing spatially averaged quantities (e.g. average moisture

content against average NMR amplitude) is that the resulting data do not only represent the

physical correlation function between these two quantities, but also incorporate information

about the spatial distribution of the moisture content. For simplification, in this section this

curve is called the calibration function compared to the correlation function. The reason for

the deviation between both functions is that a correlation function F (x) = θ connecting a

physical property x with the moisture content θ is a local relationship. It can not be used on

the averaged property without error. This is expressed by

F (〈x〉) 6= 〈F (x)〉 = 〈θ〉 (5.9)

where 〈·〉 denotes the spatial average. The inequality is only true in the case of a linear

relationship (F (x) ∝ x) or when the moisture distribution within the sample is homogeneous

(〈F 〉 = F , 〈x〉 = x).

To illustrate the effect in the case of non-linear correlation functions and heterogeneous

moisture distributions, the example of 1-dimensional drying is considered. We assume a

simple square moisture profile shown in Figure 5.6a. The drying in the figure occurs from

the right side (depth = 1) to the left side (depth = 0).

For the local correlation the example curves in Figure 5.4c are taken. Figure 5.6b shows the

calibration functions which are received when comparing the averaged values of moisture and

NMR. Additionally, the local correlation and the homogeneous case, respectively, are shown.

The calibration curves are always below the correlation function, except for the linear case

where both curves coincide. It should be noted again that the calibration functions are unique

to our specific example profiles and are not generally valid. Other scenarios with different

distributions will result in different calibration curves.

On the other hand, this implies that an exact moisture determination using an indirect

measuring method is in general not possible without knowledge of the local correlation and

spatial distribution. Fortunately, the NMR-MOUSE has a well-defined measurement volume

which can be shifted across the sample. This allows to measure the NMR amplitude spatially

resolved and is a clear advantage compared to most other techniques. Within the sensitive

volume of the NMR-MOUSE the moisture is assumed to be homogeneous since its thickness

is only 120 µm. Therefore, the NMR amplitude from this volume can be transformed into
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5.2 E�ect of Inhomogeneous Moisture Distribution

moisture using the local correlation function provided by the presented model.

Figure 5.6: (a) 1-dimensional moisture pro�les modelled through rectangular func-
tions. (b) Calibration function for the average moisture content and average NMR
amplitude (dashed lines) underlying the moisture distribution shown in (a). For com-
parison, the solid lines show the calibration for a homogeneous distribution. The NMR
amplitude is evaluated at the times t = 0, 90, 270 µs.
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5.3 Di�usion

In the presence of a static B0 field gradient G, diffusion leads to additional relaxation of the

CPMG echo amplitudes according to Equation (3.37)

1

T2,diff
=

1

12
γ2G2Dt2e. [s−1]

If diffusion is a dominant contribution to relaxation, a contraction of the T2 spectra on the

T2-axis is observed.

In principle, the proposed method can also be used if diffusion is a dominant relaxation

mechanism since the method does not require a quantification of the pore sizes. The am-

plitudes of the exponential components are still reliable measures for the water content.

However, the contraction has to be considered when transferring the correlation curve to

the single-sided device (see Section 5.1.3). In this case, the T2 distribution measured with

the homogeneous Pure Devices system and the distribution expected for the heterogeneous

NMR-MOUSE do not coincide. In order to get the correct correlation curve, the distribution

of the homogeneous system has to be adjusted accordingly before calculating the correlation

curve.

In the current study, it is assumed that decay due to diffusion is negligible compared to

surface relaxation when using the minimal available echo time of the NMR-MOUSE. This is

a strong assumption, since the NMR-MOUSE possesses a rather strong gradient of 7 T m−1.

To verify this assumption the T2 relaxation time distributions measured in the inhomogeneous

field by the NMR-MOUSE are compared with distributions from the Pure Devices System

where the diffusion term vanishes due to negligible field gradients. The two examples in

Figure 5.7 coincide within the limits of accuracy of the inverse Laplace transformation. Note

that the SNR of the NMR-MOUSE data is significantly lower than for the homogeneous case

and, therefore, leads to larger uncertainties in the distributions. The deviations at the left edge

of the spectra result from different minimal echo times of the two devices (NMR-MOUSE:

90 µs, Pure Devices System: 40 µs). Consequently, the NMR-MOUSE is less sensitive for

very short T2 times. All in all, the assumption that the relaxation behaviour is determined by

the surface relaxation and the pore space and not by diffusion effects can be verified for the

materials investigated in this thesis.
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Figure 5.7: T2 distribution measured with the NMR-MOUSE (inhomogeneous �eld)
and the Pure Devices System (homogeneous �eld) for (a) CS1 and (b) CA2. Since both
distributions coincide within the limits of the iLT, di�usion e�ects can be neglected.

5.4 Results and Discussion

In the following, the proposed model is employed on the different materials in Table 4.1. For

each material different samples where monitored during drying with the NMR-MOUSE and

compared to the gravimetric moisture in order to evaluate the model. Since cement screed

and calcium sulphate screed differ in the interpretation of the results, they are discussed in

separate sections.

5.4.1 Cement Screed/Concrete

Figure 5.8 presents the results for the tested cement screeds CS1 (left) and CS2 (right). Since

the model is not able to take into account hydration, a reasonable validation is only possible

with the drying data of the re-saturated samples where hydration is expected to be negligible.

The influence of hydration on the moisture measurement is further discussed in the next

section.

The figures in row (a) show the T2 distribution at effective saturation measured with the

homogeneous NMR system. Each distribution is the average of 4 samples. In both cases it

covers a large spectrum of relaxation times with large contributions at times less than 1 ms.

This indicates a large amount of very small pores (gel pores). The major difference between

CS1 and CS2 is the missing of extremely fast T2 components with T2 < 100 µs for CS1.

Furthermore, pronounced oscillations are observed in the spectrum of CS2. This is most

likely an artefact of the used regularization technique, as it tends to modulate broad peaks

with oscillations.

In row (b), based on the T2 distribution the correlation curve for the average of the CPMG

echoes 2-4 with an echo time of te = 90 µs is constructed according to Section 5.1.2. Al-
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though, the transient phase of the first echo can be corrected (see 3.7.1), better results are

obtained when neglecting it. This might be due to the lower signal-to-noise ratio of the first

echo. In order to use the correlation curve with the NMR-MOUSE, the amplitude axis of the

correlation curve needs to be adjusted to match the signal level of the NMR-MOUSE. This

is achieved by measuring the amplitude at a known moisture content. The most convenient

point is at θ0 when the T2 distribution is measured. For both materials, a large proportion of

the relaxation components falls within the critical limit given by the echo time te. This results

in a very broad non-linear transition region. For CS2 the NMR measurement is not able to

capture moisture content values below 0.02 kg/kg which is expressed by the vertical slope in

this interval. The reason is the peak in the T2 spectrum at T2 = 50 µs. When both materials

are close to saturation, the correlation is almost linear.

According to the previous section, the correlation functions cannot be measured directly

when the samples exhibit a significant moisture gradient. This is indeed the case for CS1

and CS2. An example for the profiles at different moisture values is shown in Figure 5.9.

In order to evaluate the predicted calibration curves the integral moisture values obtained

from NMR are directly compared to the gravimetric moisture. This is shown for both screeds

in Figure 5.8c. The different sizes of the error bars for the two materials is a result of the

individual correlation curves. Especially for CS2, NMR is very insensitive at low moisture

values resulting in large uncertainties.

For CS1 the moisture content was additionally derived with the conventional method and

compared to the proposed model. The initial amplitude was extrapolated with inverse Laplace

transformation and then calibrated with water. Both methods are able to estimate the cor-

rect water content, however, the uncertainty differs significantly. The standard deviation of

the conventional method is stdinit = 0.014 kg/kg and almost five times higher than for the

proposed method with stdmodel = 0.003 kg/kg. Therefore, the proposed method is clearly

superior over the extrapolation towards initial amplitude.

A small overestimation is observed for both cement screeds in the low moisture content

range. There are different reasons which could possibly cause these deviations: First, phe-

nomena of moisture storage which are not considered by the underlying model like ink bottle

effect, different pore geometries and the partial saturation of pores. Second, uncertainties

arising from an imperfect T2 distribution. The T2 distribution is calculated by inverse Laplace

transformation. As mentioned before, it is numerically unstable and requires regularisation.

However, the kind of regularisation and the choice of the regularisation parameters will result

in slightly different T2 distributions and, therefore, in different correlation functions. To what

extent the model is influenced by different regularisation methods is investigated in Section

5.5.
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calculated corr. curve for 
average of echo 2-4

calculated corr. curve for 
average of echo 2-4

Figure 5.8: Results for the cement screeds CS1 (left) and CS2 (right). (a) T2 distri-
bution of the materials obtained from iLt. (b) Calculated NMR-moisture correlation
functions which are based on the T2 distributions. (c) Moisture content from NMR
using the proposed method compared to the gravimetric measurements. For CS1, ad-
ditionally the moisture content calculated from the initial NMR amplitude is shown.
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Figure 5.9: Evolution of the moisture distribution of CS1 during drying. The unsealed
surface of the sample is located at 40 mm.

5.4.2 Calcium Sulphate Screed

Now, the results for the calcium sulphate screeds are presented. Figure 5.10a shows the

distribution of the calcium sulphate screed CA1. The relaxation time distribution shows two

distinct peaks at very low and very high T2 times instead of the wide distribution found

for the cement screeds. Consequently, the transition phase in the correlation curve between

vertical ascent and linear behaviour is very abrupt. In Figure 5.10b the evolution of the

moisture profile is displayed as time progresses. Since the moisture distribution is almost

homogeneous at all times, the experimental data can be directly compared to the predicted

correlation curve. This makes the following discussion considerably easier.

Figure 5.10c shows the correlation curve and the results from experiments. It seems that

the correlation model fails to describe the data. However, an important difference between

cement screed and calcium sulphate screed is the temperature used for drying. Cement screed

is dried at 105 °C and anhydrite at 40 °C. Since the proposed model also requires the moisture

content θ0 to get the right scaling of the moisture axis, it is not independent of the drying

temperature. When the dry weight of CA1 is not defined at Tdry = 40 °C but at a temperature

of Tdry = 105 °C, the results shown in Figure 5.10d are obtained. Here, experiment and model

again coincide very well.

During hydration calcium sulphate (CaSO4) reacts to calcium sulphate dihydrate (CaSO4 ·
2H2O), also known as gypsum. Note that the curing process of cement is also called hydra-

tion. However, the chemical reactions are completely different. Especially, the products of

cement hydration are more stable than for calcium sulphate. When calcium sulphate dihy-

drate is exposed to temperatures greater than 50 °C, part of the crystal water is expelled and
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calcium sulphate hemihydrate (CaSO4 · 0.5H2O) is formed [83]. Thereby, our results suggest

that in the case of calcium sulphate screed the T2 distribution do not only contain the evap-

orable water content but also the loosely bound water molecules of the dihydrate phase. The

corresponding peak in the T2 distribution is located at 50 µs. This conclusion is supported by

MIP measurements (see C) which only show one pore class and also by the findings of [84].

Figure 5.10e compares the moisture content from NMR against the gravimetric measure-

ments. The estimations of the proposed model coincide well with the gravimetric values

obtained from drying at 105 °C. Since the sensitivity of the correlation curve is very high

compared to concrete, except for the vertical drop, the uncertainty resulting from noise is

very low. In contrast, the conventional method fails to reliably estimate the correct moisture

content. Both methods show a systematic underestimation of the moisture when it comes to

low values. This is caused by the T2 peak at extremely short relaxation times. The response

of these protons is almost completely relaxed after the acquisition delay and, subsequently,

lost for interpretation. However, the proposed method is able to handle these short relaxation

times significantly better than the conventional method.

Since the water bound in the dihydrate phase is not of interest for practical applications,

the 105 °C moisture axis has to be transferred into the 40 °C axis. This is simply done by the

following relation:

u105 = (u40 + 1) · m
40
d

m105
d
− 1, [kg/kg] (5.10)

where ui is the water content with respect to the sample’s dry mass mi
d determined at the dry-

ing temperature i. Since this procedure allows negative moisture values to occur, these values

are set to zero. Therefore, the procedure to determine the final calibrated correlation curve

requires three different measurement points for calcium sulphate: Saturation, dry weight at

40 °C, dry weight at 105 °C. For concrete, the dry weight at 40 °C is not needed.

The second calcium sulphate screed CA2 tested in this work shows a similar distribution as

CA1 and, therefore, a very similar correlation curve (see Figure 5.11). The interpretation is

analogous to CA1. Note that the reference moisture content belongs to a drying temperature

of 105 °C. With respect to uncertainty of the estimation, the results are very good. How-

ever, the estimation itself has a systematic deviation between NMR moisture and gravimetric

moisture which is much greater than for CA1. Especially in the range which is considered as

ready for flooring (0.06 kg/kg at the 105 °C axis) it is of the order of 0.01 kg/kg. The reason is

probably an inadequate determination of the T2 distribution at short relaxation times. Below

a moisture content of 0.06 kg/kg the NMR amplitude is insensitive to changes in θ resulting

in a high uncertainty. This is reflected by the large error bars. However, this area is usually
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not reached since it corresponds to the crystal water which is not expelled in civil engineering

applications.

Summarizing, the application of the proposed method on calcium sulphate is complicated

by the presence of crystal water. As a result, at least one additional measurement is necessary

to differentiate the crystal water from the moisture content of the material. Since the evap-

orable moisture content until 40 °C results only from the T2 peak with T2/te � 1, a linear

function is received for this moisture interval. For the considered application, it would there-

fore also be conceivable to determine this linear function directly from the measurements at

saturation and 40 °C.
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proposed model
initial amplitude

Figure 5.10: Results of the calcium sulphate screed CA1. (a) T2 distribution of the
the material obtained by iLt. (b) Evolution of the moisture distribution during dry-
ing. (c) & (d) Comparison of the calculated NMR-moisture correlation functions with
experiments. The reference moisture was determined at 40 °C, respectively 105 °C. (e)
Moisture content from NMR compared to the gravimetric moisture content (105 °C).
The NMR calibration was performed with the curve from (d).
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Drying Temperature 105°C

Figure 5.11: Results of the calcium sulphate screed CA2. (a) T2 distribution of the
material obtained by iLt. (b) Comparison of the calculated NMR-moisture correlation
function with experiments. The reference moisture was determined at 105 °C. (c)
Moisture content from NMR compared to the gravimetric moisture content (105 °C).

5.4.3 Comparison of Di�erent Materials

In order to compare the correlation curves of the different materials, the moisture content has

to be expressed independently of the material properties. To transfer the moisture content per

mass into the volumetric moisture content the density values in Table 4.1 are used. Figure

5.12 compares the four correlation curves in terms of volumetric moisture content. All mate-

rials show a unique correlation whereby anhydrite and cement can clearly be distinguished.

The end points of the curves are determined by the particular saturation values θ0 which are

much higher for anhydrite screeds. From CS1, CA1 and CA2, it can be seen that for large

moisture contents, where T2 � te, a linear relationship is achieved with the same slope as

for the initial amplitude and substances with large T2 times (here water), respectively. This

indicates that the calibration of the signal axis was performed correctly. Especially for anhy-
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Figure 5.12: Comparison of the correlation curves for echo 2 - 4 of CS1, CS2, CA1 and
CA2. Additionally, the curve for the initial amplitude, obtained from water, is shown.

drite screed, a calibration of the amplitude axis using the condition of parallelism (see Section

5.1.3) instead of an additional measurement would be possible due to the large linear range.

CS2 develops a slope smaller than expected which is probably caused by differences in the

saturation values of the small cylindrical sample and the specimen prepared for the NMR-

MOUSE. Another reason could be the large uncertainties of the echo amplitude due to large

aggregates and coarse texture of CS2.

5.5 Robustness regarding Regularisation

Many of the described problems with the initial amplitude are based on the ill-conditioned

nature of the inverse Laplace transformation. The problem is already mitigated with the pro-

posed method because the iLt is only used once and on relaxation data with a good SNR.

However, even with this method, the question remains how sensitive it is to the transforma-

tion and especially to the choice of the regularisation parameter. In Section 4.3 a method is

presented to automatically select a regularisation parameter. But, this method is not unique

and there may be situations where the result is not the desired one.

In order to evaluate the effect of the regularisation parameter on the presented correla-

tion model, a parameter study is conducted on the example of cement screed CS1. Therefore,

the T2 distribution is calculated again using amplitude smoothing according to Equation (4.2)

with different regularisation parameters λ. The results are shown in Figure 5.13a. The param-

eter λ has a strong influence on the inversion results. However, all distributions correspond to

almost identical relaxation curves, except for the strongly over-regularised solution λ = 10.
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In addition to amplitude smoothing the commonly used curvature smoothing algorithm CON-

TIN [60] was applied.

Figure 5.13b shows the calculated correlation curves originating from the distributions for

the averaged amplitude of the echoes 2-4 with te = 90 µs. Although the T2 distributions are

significantly different in nature, the impact on the correlation curve is only marginal. Only

the over-regularized distribution shows a deviation in the order of 1 M-%. This demonstrates

that the proposed method is distinctly more robust to regularization than the underlying dis-

tribution over a wide range of λ.

Figure 5.13: (a) Relaxation time distributions using di�erent regularization parame-
ters. λ corresponds to amplitude smoothing while CONTIN uses curvature smoothing.
(b) Correlation curves for the averaged echoes 2-4 with te = 90 µs according to the
proposed method for the di�erent distributions.
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5.6 Hydration

In order to be valid, the methods and conclusions of the last sections require that a fully de-

veloped pore space is used as input to the proposed model. However, for the case of moisture

determination in floor screed the final material matrix does not exist in the beginning. By

mixing water with the binding agent and aggregates, the process of hydration is started. Hy-

dration summarises the chemical reactions which create under water consumption the differ-

ent crystalline phases. The major hydration products of Portland cement are calcium silicate

hydrate (C-S-H) and calcium hydroxide (CH). During the process, the cement gel is solidified

and hardened. Figure 5.14a qualitatively shows the hydration rate measured by isothermal

calorimetry. The details regarding the chemical reactions and reaction kinetics are not of

deeper interest for this work, however, it shows that hydration slows down after the first days.

More information about the hydration reactions can be found in Literature [85–87].

Hydration has been extensively investigated by NMR in the past, and the qualitative effect

of hydration on the NMR amplitude is known well [26, 88–93]. Right after mixing when

almost all water molecules are still free the response signal is very high with long relaxation

times. Then, water molecules chemically react with the binder to form the solid matrix and

do not further contribute to the NMR signal. At the same time, the remaining free water

molecules are confined within newly developed pores which reduces their relaxation time

(see Section 3.6). Both processes significantly decrease the NMR amplitude until the pore

space is fully or almost fully developed. Hydration primarily occurs during the first 3 to 5

days of curing; after this period it becomes negligible for our purpose.

The consequence for the correlation curve is that during the first days the NMR amplitude

of a fresh sample is significantly higher at a certain moisture content as it would be for a

cured sample at the same moisture content. This results in an overestimation of the moisture

content by NMR. Figure 5.14b shows the moisture content versus the echo amplitude for a

fresh and a re-saturated sample of CS1.

Of course, this is to some extent a problem of the reference moisture content which is

determined by oven drying. At the time of the NMR measurement the water molecules

which will be bound in the solid matrix in the future are indeed part of the moisture content.

However, when the sample is dried these molecules cannot be removed anymore. During the

hydration process NMR and oven drying do not measure the same water molecules. But, for

practical use the moisture content determined by oven drying is relevant.

A calculation of the effects mentioned above to fix the discrepancy between a fresh and a

cured material sample would at least require two things: First, the temporal resolved process

of water consumption during hydration and second, a model to describe the change of the

pore size distribution and the T2 distribution, respectively, during the curing process. To the
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Figure 5.14: (a) Heat generation rate of the chemical reaction related to hydration.
(b) Comparison of the NMR response of Sakret BE in its fresh state and after re-
saturation. The fresh specimen shows a signi�cantly higher signal at the same moisture
content during the �rst days.

author’s knowledge both is not available at the present time.

For the application of pure moisture determination in floor screed, hydration could be ne-

glected because at the relevant moisture content values the process has almost stopped. How-

ever, the prediction of the moisture content presented in the next part of this thesis requires

also the early moisture content. Therefore, an empirical correction for each material is used

in this thesis. Since all experiments were performed under approximately similar boundary

conditions (temperature, humidity, etc.), hydration within one material type is expected to be

similar. Figure 5.15 shows the difference between moisture content values calculated from

NMR measurements and the reference values from oven drying for different samples of CS1.

The difference is shown relative to the reference moisture content. The data is fitted by the

empiric approach

h(t) = a · e−b·t. [%] (5.11)

This function is used to compensate the overestimation of the moisture content from NMR

during the first days of curing for all fresh CS1 specimen. After 6 days, the difference drops

below 5 % of the reference value compared to 41 % in the beginning and hydration can be

assumed to have stopped. The fit parameters and curves for the different materials are shown

in Appendix B.
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Figure 5.15: Di�erence between the moisture content calculated from NMR and the
moisture content from oven drying for fresh samples of CS1. As long as hydration is
active, NMR overestimates the moisture content.

5.7 Summary and Conclusions

In this chapter, the application of single-sided NMR for moisture measurement in screed is

considered. In this context, the problem of correlating the transverse NMR amplitude to the

moisture content in the case of porous building materials with very short relaxation times and

low SNR is investigated. It is shown that the common method utilizing the initial amplitude

of the NMR signal fails to reliably estimate the moisture content under these conditions. The

uncertainty can be up to several mass percentage of dry mass which is clearly too high for a

practical application.

A generalised correlation model is presented connecting not only the initial amplitude,

but also relaxation attenuated signal amplitudes with the moisture content in the material.

Therefore, the effect of de-saturation on the pore volume distribution, represented by the

T2 distribution, is simulated using a capillary bundle model. On this basis, the expected

NMR amplitude can be calculated for arbitrary moisture contents including attenuation due

to relaxation. It is shown with several examples that the predicted and the measured moisture

content coincide. Furthermore, the uncertainty of the estimations could be reduced upto a

factor of five compared to the conventional approach.

A prerequisite for the proposed method is the a priori knowledge of the T2 distribution of

the material under study at or close to saturation. The correlation curve given by the model is a

material specific property. Consequently, an application is limited to homogeneous materials

with an almost constant pore size distribution. This point is particularly important in the early

hydration stages of building materials when the pore size distribution develops and changes a

73



5 Development of a generalised NMR-Moisture Correlation Model

lot. Also, natural fluctuations in the pore space due to different mixing or ambient conditions

will affect the model. When using a given correlation it must therefore be ensured that the

pore space of the material is at least similar. Note that these are general problems of almost

all moisture measuring techniques.

Nevertheless, the relationship between moisture content and T2 distribution established by

the proposed model also bears advantages and potential. Besides the pure moisture determi-

nation, it allows a statement in which pores the majority of the water is located for a certain

moisture content. This is possible, since each moisture value is directly connected to a T2
distribution and, therefore, the pore size distribution. Of course, the underlying model plays

an important role in this context. It should be noted the capillary bundle model does not con-

sider the effects like ink bottle effect, variation in pore shapes and partial saturation of pores

which alternate the desorption behaviour. Future approaches can achieve improvements here.

To return to the original motivation of this work, the moisture measurement in screed with

single-sided NMR, the proposed method can be an important step to achieve the necessary

precision for a successful application. Although it also requires a priori information and cali-

bration to the material like all other non-destructive measurement methods, the T2 distribution

can be obtained within a few minutes and from a few grams of material. Furthermore, the

other advantages of the NMR technology, like the measurement of moisture distributions, are

retained which makes single-sided NMR more valuable than most of the other non-destructive

methods.

Until now, one major problem of single-sided NMR has not yet been addressed: the limited

penetration depth. The single-sided NMR devices which are currently available usually have

a maximum measurement depth of 1-3 cm. This limitation is mainly of technological nature

and closely connected to magnet design. A solution from this side is beyond the scope of this

work. Therefore, in the next chapter a method is presented which approaches the problem

from another direction. The information gained from NMR measurements are combined with

state-of-the-are moisture transport simulation techniques to extrapolate the moisture content

beyond the penetration depth.
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6.1 Introduction

In addition to the pure moisture measurement, in this work a method is proposed which allows

to predict the moisture content in drying screed. Today, moisture measurement essentially

answers the question "Is the screed already dry enough?". In principle, there is nothing wrong

with this question. However, another question that better represents the actual user needs is

"When will the screed be dry enough?". In fact, the answer to this question has several

advantages compared to the first one. The knowledge of the date when the screed is ready for

flooring gives the user the opportunity to pre-schedule subsequent working steps like flooring

or interior constructions. In particular, with regard to full calendars in the construction sector,

this can cause significant time savings and generally allows for better planning.

In this chapter, a method is proposed to predict the moisture content in drying floor screed.

In addition, another problem is dealt with which was not discussed yet: the limited penetra-

tion depth of single-sided NMR. So the following two goals are pursued in this chapter:

1. Estimation of the moisture content of the whole sample at the time of measurement

based on limited depth information.

2. Prediction of the moisture content in the future, respectively the time when a certain

moisture content is achieved.

To avoid confusion, estimation is used when talking about the first task and prediction for

the second task. The separation into these two goals has of course something artificial, since

both cases require the calculation of the moisture content as a function of time. Nevertheless,

these are two different features from the user’s perspective.

In order to predict the drying curve, the moisture transport in screed needs to be described.

This task falls within the scope of the so-called HAM (heat, air, moisture) simulations in

capillary porous media. Two prominent and commonly used simulation tools for this kind of

problems are WUFI1 [94] and DELPHIN2 [95]. In this thesis, DELPHIN is used to perform
1Fraunhofer Institute for Building Physics, Stuttgart
2Institute for Building Climatology, TU Dresden
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the simulations.

Besides the physical model, a key property to simulate the moisture transport in building

materials is an appropriate characterisation of the material of interest. The characterisation

and calibration of a material is a time-consuming process and requires upto several months.

Unfortunately, there is no information for most screeds. Furthermore, even with previously

determined material properties, variations due to different mixing or curing conditions make

it almost impossible to perform quantitative simulations with the required precision. There-

fore, an on-the-fly calibration method is proposed to achieve a quantitative simulation and

prediction, respectively, of the drying process.

The basic requirement for the method to work is the continuous measurement of the mois-

ture content, respectively partial moisture content, of the sample during the drying process.

Of course, this is a strong constraint, especially with regard to today’s measurement practice

which consist mainly just of point measurements. However, with the increasing connectivity

of devices as part of digitisation and the Internet of Things, this obstacle could be overcome.

Based on the continuous measurement of the moisture content a given material can be (re)-

calibrated live and parallel to the drying process to achieve maximum coincidence with the

experiment and simulation. Then, the calibrated material is used to simulate the drying curve

and thereby allowing the prediction of the current and future moisture content.

The chapter is structured as follows. First, a brief introduction into the basic transport

equations is given. Subsequently, the calibration model used for moisture prediction is devel-

oped. For this, the quantities which are actually needed for calibration are discussed followed

by the calibration parameters and the implementation. The chapter is closed by the validation

of the method on the basis of experiments.
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6.2 Introduction to Coupled Heat, Air and Moisture

Simulation

6.2.1 Macroscopic Description of Porous Materials: Continuum

Model

Building materials, like concrete and screed, belong to the class of capillary porous media.

On a microscopic scale they consist of a solid material matrix and interconnected pores of

different geometries and sizes covering several magnitudes. The pore space is filled with mix-

tures of different fluids, mainly water, and gases. Additionally, other solid phases like salts

can occur and interact with the other components. The formulation of a complete microscopic

theory describing all transport mechanisms with respect to the individual local conditions is in

general not feasible. First of all, this would require detailed knowledge and characterisation

of the pore space of the material which is not practical at the moment. Therefore, alternative

approaches describing such materials are necessary.

A very successful approach to deal with this problem is based on coarse graining [96]. The

microscopic properties are in general not continuous. This is seen immediately in Figure 6.1

which shows an illustration of a pore space filled with water and air. Obviously, the density

functions of the different phases are discontinuous at the phase boundary. Since this makes

the description difficult, an alternative representation of the properties is chosen. Instead of

the microscopic properties and distributions Olocal, quantities are used which are averaged

over a representative elementary volume VREV located at r:

O(r) =
1

VREV

∫

VREV (r)

Olocal(r′)dr′. (6.1)

For example the partial volume Vα of phase α can be calculated by

Vα =

∫

VREV

α(r′)dr′ with VREV =
∑

α

Vα, [m3] (6.2)

where α(r) denotes the characteristic function of phase α.

The volume VREV is chosen in such a way that the averaged properties (density, volume

fraction, etc.) are continuous functions of space. For this reason, the approach is often called

continuum model. It must be noted that the VREV cannot be arbitrarily increased since it limits

the spatial resolution of the model. Therefore, a reasonable trade-off between the variations

in the properties and the resolution has to be found. Guidance is provided by the pore size

distribution of the material under study. In order to achieve an appropriate smoothing, the
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Figure 6.1: Illustration of a porous material partially �lled with water and example
for a Representative Elementary Volume (REV).

representative elementary volume should be one or two magnitudes larger than the largest

pores. For building materials this is usually of the order of 0.1-1 mm3.

Similar to VREV a representative reference area can be introduced to describe homogeneous

flux quantities. The principle is identical to volumetric properties. The continuum approach

has been widely used in research related to coupled heat and mass transport in porous media.

6.2.2 Balance Equations

In order to utilize and simulate the heat and moisture transport in porous media, transport

equations describing and summarising the underlying physical effects are necessary. During

the past decades multiple approaches have been developed and presented. Beside others, the

References [97–100] give a small selection of contributions to the topic of modelling heat

and moisture transport.

In this work, it is concentrated on models based on the continuum approach of the last

section. Here, a lot of effort has been invested in finding an optimal set of conserved quantities

and combining suitable transport coefficients with the corresponding driving potential. A

brief outline of different models is given in the References [101–106]. In the following,

especially the model of Grunewald [103] is of interest since it is the basis of the simulation

tool DELPHIN.

The following equations describe the heat and mass conservation within the model:

1. Moisture mass balance

∂

∂t
[ρlθl + ρvθg] = − ∂

∂xk

[
ρlv

ml
k θl +

(
ρvv

mg
k + jmvk,diff

)
θg
]

+ σml+v (6.3)
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2. Air mass balance

∂

∂t
[ρaθg] = − ∂

∂xk

[(
ρav

mg
k − jmvk,diff

)
θg
]

(6.4)

3. Conservation of internal energy

∂

∂t
[ρmum + ρlulθl + (ρvuv + ρaua) θg] = (6.5)

− ∂

∂xk

[
ρlulv

ml
k θl + (ρvuv + ρaua)v

mg
k θg

]

− ∂

∂xk

[
jQk,diff + (hv − ha)jmvk,diffθg

]
+ σQu

The denotation of the variables and indices is given in Table 6.1. The superscript m indicates

mass flux quantities and Q is the heat transfer from conduction. All equations include con-

vective and diffusive transport. The moisture mass balance combines liquid water and water

vapour.

Table 6.1: Denotation of the variables and indices used for the transport and balance
equations

Variables Description

θ volume fraction
ρ mass density
p pressure
T temperature
u speci�c internal energy
h enthalpy
j �ux
σ source term
t time
xk spatial coordinate in k-direction
vk phase velocity in k-direction

Indices Description

a dry air
m material matrix
v vapour water
l liquid water
g gas phase
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6.2.3 Transport Equations

In addition to the balance equations the flux quantities have to be defined. The model of

Grunewald derives the relations between the conserved quantities and the driving forces in a

consistent way from thermodynamic principles. The dominant contributions in the balance

equations are the liquid water convection, the water vapour diffusion, the advective air flow,

the heat conduction and the heat transport due to liquid water and water vapour transport.

The corresponding equations are:

1. Liquid water convection

ρlv
ml
k = −Kl

[
∂pl
∂xk

+ ρlgk

]
[kg m−2 s−1] (6.6)

2. Convective air mass flux

ρav
mg
k = − pa

pv + pa
· Rv

Ra

·Kg

[
∂pg
∂xk

+ ρggk

]
[kg m−2 s−1] (6.7)

3. Water vapour diffusion

jmvk,diff −
Dv

RvT

∂pv
∂xk

[kg m−2 s−1] (6.8)

4. Heat conduction

jQk,diff = −λ ∂T
∂xk

[J m−2 s−1] (6.9)

The liquid water convection is driven by the gradient of the liquid water pressure ∂pl
∂xk

. In the

absence of a gas pressure gradient, this is represented by the gradient of the capillary pressure.

It follows from Darcy’s law with a liquid water conductivity Kl which is dependent on the

material and a function of the moisture content. Similar, the convective air flow is driven by

gas pressure gradient with the convection coefficient of the gaseous phase Kg. The driving

force of the water vapour diffusion is the gradient of the vapour concentration. Application

of the ideal gas equation allows to reformulate it in terms of the vapour pressure pv. Dv is the

water vapour diffusion coefficient. The heat conduction is driven by the temperature gradient

with the thermal conductivity λ.

Substitution of Equations (6.6)-(6.9) into the balance equations yields a set of differential

equations which allows to simulate the moisture and heat transport in arbitrary situations. In

this work, the solution with respect to a set of boundary conditions is obtained numerically

with the simulation tool DELPHIN.
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6.2.4 DELPHIN

DELPHIN is a numerical simulation tool which allows the 1-dimensional, 2-dimensional

and 3-dimensional modelling of coupled heat, air, moisture and pollutant transport. The un-

derlying transport model used for simulation has been validated in various experiments and

research projects. It is state-of-the-art and is continuously improved. The program is a de-

velopment of the Institute for Building Climatology of the Technical University of Dresden

(Germany). DELPHIN can be used to assess and evaluate constructions in civil engineer-

ing. Examples of applications are: calculation of thermal bridges with assessment of hygric

problem areas, design and evaluation of interior insulation systems, calculation of criteria for

mould growth and simulation of drying.

The software package contains a graphical user interface allowing a user-friendly setup

of construction models and boundary conditions, a numerical solver to evaluate the differ-

ential equations and a post-processing tool to visualize the simulation results. Furthermore,

DELPHIN comprises a considerable material database with verified material properties and

functions. Also, new material properties can be implemented or varied easily. In this work, it

is made use of the open structure of DELPHIN which makes it a valuable tool for research.
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6.3 Development of a Real Time Calibration

Procedure

In order to perform quantitative simulations of the moisture content in screed, the material

specific transport properties are necessary. Since even the small variations within one class of

materials due to mixing and curing prevent using pre-calibrated materials, another approach

is developed. The material properties are calibrated in real time by fitting the simulation

results to the measurement data. This allows achieving two major goals. Fist, prediction of

the development of the future moisture content and, second, the estimation of the moisture

content in large depths which could not be measured directly by the measurement device.

Beginning from an initial material a (re-)calibration method is proposed. Different from

the usual laboratory calibration, the accessible experiments are limited to the drying exper-

iment or a reduced version of the drying experiment, respectively. However, the difference

in the use case at hand compared to the usual calibration is that it is not necessary to get a

material calibration achieving qualitatively correct behaviour in every situation, but to make

quantitative statements in one given situation. The initial material can either be a screed from

the DELPHIN database or be created from NMR porosimetry as described in Chapter 7.

This section is structured as follows. First of all, the experiment which is the basis for

the calibration is discussed. Afterwards, the calibration parameters used to vary the liquid

water conductivity, the water vapour conductivity and other necessary simulation parame-

ters are introduced. The section is closed by the practical implementation of the calibration

procedure.

6.3.1 The Drying Curve

A central element in material calibration, and for this chapter in particular, is the drying curve

or drying experiment. The drying curve describes the integral moisture content of the whole

sample as a function of time during the drying process. Its behaviour reveals information

about the transport properties of the material and about the boundary conditions. Thus, the

experiment is commonly used for calibrating transport parameters in hygrothermal simulation

models [107]. With respect to screed, the drying curve is exactly the quantity which needs to

be determined and, therefore, is of special interest for this work.

Figure 6.2 shows the typical drying curve for capillary building materials. Usually, it

is assumed that the sample is completely sealed except for one surface where evaporation

occurs. Depending on the boundary conditions and the transport properties, two different

phases of drying can be distinguished [108]. Assuming constant boundary conditions, the first

phase is characterised by a linear decrease of the moisture content. Water transport inside of
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Figure 6.2: Characteristic form of a drying curve with two distinct phases.

the material is faster than the evaporation rate at the unsealed surface. As a consequence, the

evaporation rate is the limiting factor and completely controls this phase. At the same time,

the jam of moisture at the surface results in an almost homogeneous moisture distribution over

the material. Details about the vapour transfer at the surface and the influence of boundary

conditions are discussed in Section 6.5.

When the actual moisture flow inside of the material falls below the flux at the surface,

the drying process significantly slows down. In this phase, the liquid water and water vapour

transport properties of the material limit the amount of water conducted to the surface. The

moisture distribution in this phase is usually inhomogeneous, showing a drying front which

moves into the material.

Materials with a large liquid water conductivity Kl(θ) have a very long first drying phase

and dry very fast. On the other hand, materials with small Kl(θ) quickly reach the second

drying phase resulting in long drying times. Depending on the environmental conditions

and transport characteristics, the first phase may be skipped or the second phase may not be

reached before the sample reaches its equilibrium state. However, usually both phases are

passed through.

The different dependencies of the phases provide important implications for our problem,

and material characterisation in general. With respect to material properties the first drying

phase is in fact worthless. However, in the problem at hand it allows collecting information

about the boundary conditions without additional sensors and equipment. In the second phase

the boundary conditions are less important and material properties can be extracted from the

drying curve.
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As the last point, it is important to note that the phase change of liquid water to water

vapour leads to a significant cooling of the surface and influences the vapour transport. There-

fore, the description of drying processes absolutely requires the coupled heat and moisture

transport.

6.3.2 The Reduced Drying Curve (RDC)

In the last section, it has been discussed that the drying experiment yields information about

a material’s transport properties. But, a closer look at the present scenario (see Section 6.1)

reveals that the measurement device only has a limited penetration depth dl and cannot pro-

vide the total moisture content. Consequently, the drying curve cannot be measured directly.

However, within the measurement range the single-sided NMR device can provide additional

information since it is able to measure the vertical distribution or profile, respectively, of the

moisture content, θ(x < dl, t). The device used in this work has a maximum measurement

depth of 20 mm, which is about half the thickness of an average screed slab.

From the moisture distribution a quantity similar to the drying curve can be calculated.

Integration of the moisture profile beginning at the surface (x = 0) upto an arbitrary depth

d ≤ dl yields the reduced drying curve (RDC) at a time point t,

RDC(t; d) =
1

d

∫ d

0

θ(x, t) dx. [m3/m3] (6.10)

Figure 6.3 illustrates the measurement situation and compares the reduced drying curve cor-

responding to the depth d with the complete one. Obviously, the RDC becomes identical to

the drying curve if the integration depth d is equal to the sample thickness ds. Additionally,

smaller values of d directly result in lower values of the reduced drying curves:

d < d′ ⇒ RDC(t; d) ≤ RDC(t, d′). (6.11)

Like the drying curve each RDC consists of the two drying phases. The first drying phase

is independent of d and almost identical to the drying curve. The second phase, however,

is strongly dependent on the choice of d since the moisture distribution is inhomogeneous.

Features like a drop in the liquid water conductivity Kl will emerge more strongly since

drying fronts are better resolved with decreasing integration depth. In the following, the

reduced drying curve takes a key role in the proposed calibration method.

Before moving on to the next section, it should be examined whether the amount of infor-

mation contained by a RDC is comparable to the drying curve. Therefore, a parameter study

in the integration parameter d with synthetic drying data is conducted. The symbols in Figure
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Figure 6.3: Di�erence between (full) drying curve and reduced drying curve (RDC). A
measuring device monitors the moisture content in the slab with thickness d resulting
in a RDC, while the moisture content in the total slab with thickness ds is not directly
observable.

6.4a show the test datasets consisting of reduced drying curves for different values of d. The

datasets have been created by manipulating the transport functions of a given screed material

according to the fitting parameters introduced in Section 6.3.4. Subsequently, for each RDC

it is tried to recover the original transport parameters by fitting the simulation to the test data.

In all cases the fitting routine converged towards a good solution which is shown by the solid

lines. The transport functions determined in this way are now used to calculate the full drying

curve. Figure 6.4b shows the original drying curve of the test set and the drying curves based

on the fitted parameters of the single RDCs. All layers can provide enough information to

recover the original transport functions, except the 5 mm layer. In this case, due to lack of

information in the data, the fitting problem is ambiguous. It means that in addition to the orig-

inal transport functions there are other solutions that generate the same RDC. This problem

will be discussed in more detail in the following sections.

A clearer presentation of the results is shown in Figure 6.5 which shows the MSE28 as a

function of the layer thickness. MSE28 denotes the mean squared error of the test drying

curve and the calculation results during the first 28 days. The small oscillations in Figure 6.5

are an artefact of the tolerance of the minimisation algorithm and have no deeper meaning.

Note that two different error measures have been important at this point. The error of fit is

determined by the squared residuals between the measured, reduced drying curve and the

fitted one. However, with respect to the use case, not the RDC but the whole drying curve is

important. Therefore, the MSE28 is introduced describing the deviation between simulation

and ground truth which is in general unknown. Later, the MSE28 is also used to evaluate

the prediction model through experiments. Layers with a thickness below 6 mm have a large
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Figure 6.4: (a) Reduced drying curve for di�erent layers (symbols) and the corre-
sponding �t curves (line). The thickness of the simulated sample was 40 mm. (b)
Entire drying curve (symbols) and drying curves based on the �tted transport param-
eters from (a). Except for the 5 mm layer, the transport parameters can be extracted
completely from the reduced drying curves.

MSE28 indicating a large deviation between the test data and the curves based on the fit.

It seems that a minimum layer thickness is necessary to allow a calibration of the transport

functions. Other synthetic test datasets show a very similar behaviour. However, the thickness

of the minimal layer is no fixed quantity but dependent on the transport functions and the

boundary conditions.

6.3.3 Multi-RDC Calibration Method

The basic principle of the proposed calibration procedure is simple and equivalent to the

common approach. Material properties and functions are varied until experiment and simu-

lation results coincide. However, before the calibration parameters and the implementation is

presented, it has to be discussed how the experimental data is actually used.

The major difference in the present case is that instead of a whole set of different exper-

iments only the drying experiment in its form discussed above is available. Furthermore, it

has to be noticed that due to the use case calibration is not performed when the experiment is

finished, but parallel to drying. All in all, the amount of information available is very limited

in terms of both the temporal and the spatial dimension. Therefore, it is indispensable that all

information is utilized.

To begin with, the proposed calibration method is guided by the classical drying experi-

ment. For example the RDC corresponding to the maximum penetration depth, d = dl, could

be used as an alternative for the drying curve. However, the information of the moisture dis-

tribution would be lost and situations may arise which cannot be uniquely resolved. Figure

6.6 shows an example of such a situation. Two drying scenarios are illustrated: a) the mois-

86



6.3 Development of a Real Time Calibration Procedure

Figure 6.5: Development of the mean square error concerning the entire drying curve
(Fig. 6.4b) as a function of the layer thickness. The information within the �rst 5
millimetres is not su�cient to get the right transport properties to reproduce the entire
drying curve.

ture content decreases homogeneously over the whole depth without forming a drying front;

b) a sharp drying front moves into the material. Utilizing only the integral moisture content

shown in 6.6c, it cannot be distinguished whether the moisture content in the observed vol-

ume decreases homogeneously or a drying front moves into the material. The two RDCs to

the depth dl are identical for both scenarios and allow no differentiation.

Consider that this RDC is fitted in order to determine the corresponding transport functions.

The lack of information results in an ambiguity of the fitting problem in the sense that both

scenarios with their corresponding transport functions provide a correct solution to the same

RDC. This makes it extremely difficult to find the numerical solution which does not only

reproduce the RDC but also is able to predict the development of the moisture content of the

whole sample in the future.

The two situations can be easily distinguished when the respective moisture profiles are

considered. An idea to use the information would be to fit the moisture distribution θ(x, t)

directly. However, this approach bears some uncertainties and disadvantages. For example,

a two-dimensional surface has to be fitted which requires a significantly higher numerical

effort. Furthermore, it is not clear to what extent the material model and DELPHIN is able

to reproduce the entire profile θ(x, t). Additionally, distortions of the moisture profiles close

to the surface of the sample are often observed which make a fit difficult. The reasons for

this effect are versatile, for example temporary wetting through variations in the boundary

conditions, changes in the material properties by floating clinker during the mixing process

or a measurement volume which is not entirely inside of the sample.
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Therefore, multiple reduced drying curves corresponding to different values d are used for

calibration instead of θ(x, t). In principle, the function RDC(t; d) with a continuous depth

d holds the same information as θ(x, t). However, only a discrete number of depth will be

used in the following. Nevertheless, the utilization of the cumulative moisture distribution

has some advantages. First of all, the proposed method stays close to the classical calibration

which has already proven itself. Second, the integration of the moisture profile data signif-

icantly decreases the noise level. Third, from a numerical perspective the problem reduces

from fitting a continuous surface to fitting a discrete number of curves simultaneously. And at

last, the amount of information included in the fitting procedure can be controlled very well.

The proposed fitting scheme presented in Section 6.3.5 uses this freedom to attach different

weights to each RDC in order to improve the overall result.

Since the penetration depth of the NMR-MOUSE is relatively small with dl = 20 mm, it

is suggested to consider only two RDCs with d = dl and d = dl/2. Smaller values of d

would be strongly influenced by the surface effects and are therefore not meaningful. Larger

values, however, have little additional value due to the spatial resolution of the measurements

of about 4 mm. If a greater measurement depth or a better resolution is available including

additional integration depths may be beneficial. With regard to the example scenario from

above, Figure 6.6d shows that the inclusion of a second RDC with d = dl/2 makes it possible

to distinguish the two drying scenarios. The consideration of multiple RDCs for calibration

of the transport properties is called Multi-RDC method in the following. The next sections

will give more details on how the simulation is adapted to the experimental data.
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(c) (d)

Figure 6.6: Example of two di�erent drying situations, (a) homogeneous drying and
(b) drying front, which result in the same RDC shown in (c). The two cases can be
di�erentiated when the reduced drying curve corresponding to d = dl/2 is additionally
taken into account.
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6.3.4 Calibration Parameters

In this section, it is presented which and how the moisture transport properties required for

simulation are exactly adjusted during the calibration process. The key properties of a ma-

terial are the two transport functions, liquid water conductivity Kl(θ) and water vapour con-

ductivity Kv(θ). Usually, several experiments are used to calibrate these functions over the

entire moisture range from zero to saturation. Of course, the lack of additional information

limits the calibration options in the present case, but does not make it impossible. Especially a

calibration at high moisture values is no longer possible since the drying curve primarily con-

tains information in the lower moisture range. Since Kl and Kv are functions of the moisture

content, first of all it must be defined how they should be adjusted. There is no single solution

to this problem but various possibilities. In order to find appropriate parameters which allow

fitting the RDCs following criteria have been defined:

I. The transport functions have to remain physical under all conditions.

II. The material must be able to reproduce the RDCs with little error. This is actually a

basic requirement for fitting.

III. The number of parameters needs to be as small as possible to prevent overfitting. This

is important for two reasons: First in the final application the test data is even more

reduced, since not the complete RDCs are fitted, but only a temporally limited part of

the curve. Second, the computational effort and the minimisation time should be kept

to a minimum.

IV. The parameters should influence distinct parts of the drying curve with only little over-

lap. This simplifies the interpretation of the parameters and makes the results traceable.

On this basis, four parameters ξ =(β, α1, α2, γ) have been chosen to satisfy the conditions

above. The effect of each parameter on the material properties, respectively the drying curve,

is presented in the following:

β: In order to adjust the slope of the first, linear drying phase of the drying curve, the

water vapour exchange coefficient β is calibrated. Figure 6.7a shows a drying curve for

different β values.

α1,2: The liquid water conductivity function is the most critical part of the calibration. There-

fore, two parameters have been selected to adjust Kl(θ). The first parameter α1 is a

simple scaling of the function. Second, a power approach is applied to the liquid water

conductivity on the logarithmic scale. For this purpose, the interval [lgKl(0), lgKl(θ
0)]

with lgKl = log(Kl) is mapped to the interval [0, 1] by means of a linear function
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φ(x) = mx + b. The variable θ0 denotes the initial moisture value of the drying

curve θ(t = 0). The function φ(x) is defined by the conditions: φ(Kl(0)) = 0,

φ(Kl(θ
0)) = 1. Subsequently, the projected conductivity function is raised to the

power of α2 and transformed back using the inverse function φ−1(y). Figure 6.8 illus-

trates the two types of modifications. Summarising, the new liquid water conductivity

function is given by

lgK ′l(θ) =




φ−1

(
[φ(lgKl(θ))]

−α2
)

0 < θ < θ0

lgKl(θ) θ0 < θ
+ α1 (6.12)

φ(x) =
x− lgKl(0)

lgKl(θ0)− lgKl(0)
(6.13)

φ−1(y) =
(
lgKl(θ

0)− lgKl(0)
)
· y + lgKl(0) (6.14)

For values α2 ≤ 0 the conductivity function remains monotonically increasing since

the power function x−α2 is also monotonically increasing.

Figure 6.7b and c show the effect of α1,2 on the drying curve. With both parameters

the transition phase after the linear decay can be adjusted. On the first sight, it seems

that both parameters have exactly the same effect. However, some samples can only be

fitted using both parameters.

γ: The long term behaviour of the drying experiment is mainly controlled by the water

vapour conductivity. Usually, it can be measured directly by additional experiments (e.

g. dry cup). However, for the case at hand it remains a free parameter. Therefore, a

scaling factor γ is introduced to increase or decrease the vapour transport:

K ′v(θ) = γ ·Kv(θ). [s] (6.15)

This is equal to a variation of the water vapour diffusion resistance factor µd. The

influence of γ on the simulation result is shown in Figure 6.7d.

Using the four parameters, the drying data of all test specimen were fitted successfully

both with the screeds from the DELPHIN database and with the initial materials constructed

from NMR porosimetry (see Chapter 7). More details about the minimisation procedure and

possible problems are given in the next section.
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Figure 6.7: In�uence of the �tting parameters on the drying curve: (a) β, (b) α1, (c)
α2, (d) γ.

Figure 6.8: Illustration of the variation of Kl caused by the two parameters α1 and
α2.
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6.3.5 Minimisation and Implementation

Minimisation Problem

In order to calibrate the material properties, the parameter vector ξ = (β, α1, α2, γ) is op-

timised to get the best fit between simulated RDCs and measured RDCs. The optimisation

of ξ is performed in MATLAB3 while for the simulation of the drying curve the DELPHIN

solver4 is used. The cost function which has to be minimised is the logarithmic sum of the

squared residuals which is similar to the method of weighted least squares. The problem is

summarised by

min
ξ

log

[
N∑

j=1

n∑

i=1

w(j)
(
r
(j)
i

)2
]
, r

(j)
i = (y

(j)
i − f (j)(ti, ξ)). (6.16)

The first index j counts the different RDCs corresponding to different depth values. As

discussed in Section 6.3.3 two RDCs are used with d(1) = dl and d(2) = dl/2 . The second

index i is a time index which denotes the measurements at the drying times ti. The variables yi
are the corresponding moisture content values and f (j)(t, ξ) is the simulated reduced drying

curve to the parameter set ξ. Additionally, a weighting factor w(j) is introduced controlling

the strength of the contribution of the different RDCs. Good results are achieved with the

choice

w(j) =
d(j)

dl
(6.17)

With this choice it is accounted that a higher priority is given to the integral moisture content

than to the actual moisture distribution. For the current case of two RDCs one obtains: w(1) =

1, w(2) = 0.5.

Since the problem is now defined, it is discussed next how Equation (6.16) can be solved.

In principle, it is a common minimisation problem which can be solved numerically using

standard minimisation algorithms. However, some points need to be considered. First of all,

the model function f (j)(ti, ξ) is discussed in more detail. The evaluation of the function is the

most time-consuming step during calculation. A single function evaluation consists basically

of four major steps:

1. writing a material file according to the parameters ξ from MATLAB

2. writing a DELPHIN project file from MATLAB

3. execute the project file using the DELPHIN 6 solver
3MathWorks
4DELPHIN version 6.0
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4. import and process the results in MATLAB.

The material file contains the transport and material functions which are used for simula-

tion. The material functions have been previously generated according to Chapter 7 and are

modified according to ξ as described previously. The DELPHIN project file contains the

construction model which describes geometry, boundary conditions, initial conditions and

output parameters. The third step consists of the actual simulation and is the most computing-

intensive one. Since these operations must be performed very often during minimisation, a

compromise has to be found between a construction design which maps the reality as good

as possible and a design which can be simulated fast.

Construction Model

In order to describe the problem of screed drying, a simple one-dimensional design is used.

Figure 6.9 shows the construction model of the DELPHIN project and the applied boundary

conditions. A complete example project is given in Appendix A. It is assumed that moisture

is only transported vertically while the horizontal distribution is assumed homogeneous at all

times. The discretisation of the project has been adjusted to allow for fast calculation but

maintain acceptable resolution. Therefore, a construction grid with 20 elements has been

chosen. The output time grid has been set to one day for the same reasons. Measurement

times which do not fall on the output time grid are linearly interpolated to calculate the

residual values between measurement and simulation.

Since the screed samples are sealed with a polyethylene sheet at the bottom which functions

as vapour barrier (unbonded screed), boundary conditions for evaporation and heat conduc-

tion are applied solely to the top surface of the construction. Although transport at the bottom

side of the screed, for example for bonded screed, can be simulated in principle, many prob-

lems occur in practice. How should the moisture flux at the bottom be quantified? Due to

the limited penetration depth of our measurement device, no information about distribution

or transport is available in great depths. A fitting procedure similar to the water vapour ex-

change coefficient is therefore not very promising. For this reason, it is suggested to always

use the first scenario. This is equivalent to the assumption that the evaporation on the surface

is the dominant drying process and the loss over the bottom can be neglected.

Initial Conditions

To perform the simulation, two starting conditions are critical: First, it is assumed that the

thickness ds of the sample is known. Even if the exact thickness is not known in practice,

in the case of screed an average value of 40 mm can usually be assumed. Second, the initial
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6.3 Development of a Real Time Calibration Procedure

Figure 6.9: Schematic drawing of the construction grid used for the simulation of the
drying curve during minimisation.

moisture content and distribution over the entire sample is required. Since only the moisture

content and distribution of the layer dl is known, the following extrapolation scheme is used

to estimate the unknown part of the moisture distribution. The initial moisture profile is

approximated by a staircase function with two steps. The first step extends from the surface

to the depth dl and should compensate for a possible drying front which may has already

entered the sample. Its value is defined as the mean moisture content measured within this

interval given by RDC(t = 0; dl). The second step ranges from dl to the maximal sample

depth ds. The value of this step is set to the moisture content measured at dl. This is illustrated

in Figure 6.10. The function can be summarised as follows

θinit(x) =





RDC(0; dl) = 1
dl

∫ dl

0

θ(x, 0) dx 0 < x < dl

θ(dl, 0) dl ≤ x < ds,

[m3/m3] (6.18)

where θ(x, t) denotes the moisture profile of the sample which is known in the interval [0, dl].

The motivation behind the approach is that the starting point of the simulation is in a very

early stage of the drying process, either the first linear drying phase or in the transient phase.

In this stage, the moisture front should not yet be pronounced and close to the surface of the

sample. Especially, in greater depths a homogeneous distribution is expected. As long as

the edge of the drying front has not yet reached the measurement depth dl, the approach in

Equation (6.18) reproduces the correct overall moisture content of the sample.
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Figure 6.10: Illustration of the initial moisture pro�le which is extrapolated from the
measured part of the moisture pro�le.

Minimisation Algorithm

Now, all information is available to perform the simulations and to evaluate the cost function.

All that is left is to minimise Equation (6.16). Therefore, the algorithms used to minimise

Equation (6.16) are discussed in the following. It has turned out that direct optimisation of

ξ using downhill algorithms does often not provide the desired result. In many cases, the

minimisation algorithm is stuck in local minima far away from the optimal solution or indi-

vidual parameters reach non-physical areas. In particular, the liquid water conductivity Kl

is critical because it is modified on a logarithmic scale and quickly achieves orders of mag-

nitudes which the DELPHIN solver can no longer handle. Therefore, a two-step procedure

with appropriate boundary conditions for the individual components of ξ is proposed.

To begin with, a simulated annealing algorithm [109] is used to determine a first solution.

The MATLAB implementation SIMULANNEALBND5 of simulated annealing is used in this

work. The advantage of this kind of minimisation algorithm is that it can overcome a local

minimum in favour of a better one. However, due to its random character different solutions

are found each time and convergence is usually very slow. Therefore, the number of iterations

is limited to 300 which to our experience was found to be enough to provide a good starting

point for the next step. Here, a downhill algorithm is used beginning at the solution obtained

from the previous step. This will quickly find the bottom of the selected (local) minimum.

The Nelder-Mead Simplex Method [110] has been employed for this task. It is a robust,

direct search method that does not use numerical or analytical gradients. Since a single

function evaluation is very time-consuming, gradient methods take much longer in our tests

and were also much more susceptible to starting conditions. The following constraints have

been applied during minimisation to prevent non-physical behaviour, but still allow to fit the

5https://de.mathworks.com/help/gads/simulannealbnd.html
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data:

β ∈ [0.1 · 108, 5 · 108] (6.19)

α1 ∈ [−3.5, 1]

α2 ∈ [−6, 0]

γ ∈ [0.01, 10]

α1 + α2 ≤ 0

The last condition prevents the liquid water conductivity to increase too much during minimi-

sation. This has shown to suppress solutions where the liquid water conductivity is increased

while β is decreased, resulting in purely linear drying behaviour. As the initial starting point

for simulating annealing the following parameters have been used

ξ0 = (0.5,−1,−1, 0.01 · 108). (6.20)

To our experience, the best minimum is found most reliable when starting with low conduc-

tivity values which then can increase.

6.3.6 Uncertainty of the Moisture Storage Function

In the proposed calibration procedure only the transport functions (Kl, Kv) and the water

vapour exchange coefficient β are calibrated. The moisture storage function which is a central

material property (see Section 7.1.1) is disregarded so far, although, it also variates strongly

between different materials. Especially, when the initial material guess is created from NMR

porosimetry, the moisture storage function contains an intrinsic uncertainty since the pore

sizes are only determined relatively. The situation is shown in Figure 6.11a for the moisture

retention curve. The uncertainty is expressed by the horizontal shift of the curve.

An idea to resolve the problem would be to introduce an additional fitting parameter for this

shift. However, tests have shown that the additional parameter is effectively not used from

the minimisation algorithm. The fit could be performed solely with the transport parameters.

Considering that the moisture storage function describes only the equilibrium it is anyway

questionable how much reliable information can be drawn from the drying experiment which

explicitly represents a non-stationary state.

For this reason, a fixed moisture storage function is used. Basically, the two options shown

in Figure 6.11a can be chosen: (1) underestimation and (3) overestimation of the correct

moisture retention curve. In order to evaluate the two possibilities and to interpret the re-

sults which are calculated on the basis of a "wrong" moisture retention characteristic, the
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calibration is discussed from another perspective. During the fitting process, essentially, the

vapour flux at the surface of the material is controlled and adapted to the experiment using

the parameters ξ. Vapour transport at the surface is implemented in DELPHIN as a third-kind

(Cauchy) boundary condition of the form

jmvdiff = β · (pelem
v − pambient

v ) [kg s−2 m−1] (6.21)

with the water vapour pressure in the surface element pelem
v , the water vapour pressure of the

ambient air pambient
v and the water vapour exchange coefficient β. Using the relative humidity,

pelem
v = φ(θl) · pv,sat [Pa] (6.22)

and the kelvin equation,

pc = ρlRT lnφ [Pa] (6.23)

a relationship between pelem
v and the moisture storage function pc(θl) is established. The simu-

lation results with different shifted moisture storage functions suggest that during calibration,

a false moisture storage behaviour is compensated with ξ and the moisture content develops

correctly. In Figure 6.11a the flux jmvdiff can be imagined as a vertical movement (red line)

which is kept equivalent independent of the respective storage function. The moisture reten-

tion curve can be followed until one of the following conditions is reached. At some point,

either the simulation or the experiment reaches the equilibrium state defined by the ambient

relative humidity (vertical line), and the moisture content remains constant. This is shown in

Figure 6.11b. The drying curve corresponding to storage function (2) is fitted using the func-

tions (1) and (3). The vertical shift in the moisture storage function causes in both cases a

small deviation in the drying curve immediately after the first phase via the vapour pressure at

the surface. In the further course, the behaviour of the two cases can be clearly distinguished.

For case (3) the simulation reaches the equilibrium moisture first and the fit can no longer

follow the experiment. In the case of (1) the fit is able to reproduce the drying curve until

the experiment almost reaches its equilibrium value. However, after this point the moisture

content further decreases until the equilibrium value of (1) is reached.

Overall, an underestimation of the moisture retention characteristic is more favourable than

an overestimation with respect to the application at hand. Since the ground truth is generally

unknown, the question occurs how underestimation can be ensured. Therefore, either an

unrealistic case (equilibrium close to zero moisture) or, at least, a value smaller than Θ can

be chosen. The second choice ensures that the simulated curve can follow the experiment to
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Figure 6.11: (a) Illustration of the moisture retention curve. The construction via
NMR porosimetry results in an uncertainty of the pressure axis. (b) E�ect of under-
and overestimation of the moisture retention curve on the �tting procedure.

the target value before deviations occur. In this work, the first solution is chosen since no

specific target values are defined.

This measure has important implications for the proposed method. Predictions are only

reliable as long as the sample is still in a non-stationary state since the long time behaviour

will underestimate the moisture content. Moreover, the calibrated material properties are not

the true values in the sense that they are used to compensate for the error of the moisture

storage function. So, it is not a general but a case-sensitive calibration.
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6.3.7 Real Time Calibration and Moisture Prediction

In the previous sections, the calibration of a material on the basis of a single or multiple

reduced drying curves is discussed. This method is now used to make an estimation of the

full drying curve and the time when the material reaches a target moisture content Θ. This

target moisture value can, for example, be the value considered as ready for flooring (see

Table 2.1). The scenario which is considered has already been introduced in Section 6.1. A

moisture sensor continuously monitors the drying process of a screed. Dependent on the type

of the sensor the output is either the full drying curve, a reduced drying curve or the moisture

distribution. In this thesis, the sensor is represented by the NMR-MOUSE and the output is

the moisture distribution up to a depth of 20 mm. The goal is to estimate the full moisture

content of the screed for the presence and for the future.

Therefore, the process presented in Figure 6.12 is suggested. At the earliest possible time

after installation of the screed the sensor is installed and starts monitoring the moisture con-

tent. When the first sensor data is available, the prediction process can be initialised. Usually,

it makes sense to collect the data of 2-4 days before starting the prediction. The sensor data

is converted into absolute moisture content values, for example using the method proposed in

Chapter 5, and eventually further processed to get the reduced drying curve(s). Subsequently,

a material is calibrated on the basis of this data using the method as described in the previous

sections. Therefore, material properties and functions are varied until simulation and mea-

sured data coincide. The boundary conditions relative humidity and temperature are either

measured or estimated. The importance of these two quantities is discussed in Section 6.5.

Then, the full drying curve θ(t) for the screed, meaning the total average moisture content

of the screed for all times, is simulated with the newly calibrated material. From this, the

current total moisture content can be estimated.

The next step is to predict the time when the moisture content reaches the target value

Θ based on θ(t). At the beginning of the drying process the reduced drying curves only

contain a small amount of material specific information and the calibration will be inade-

quate. Consequently, the prediction will be very inaccurate and subject to large fluctuations

for new measurement data. When the period in which the data is collected becomes larger

the predicted values will converge to the true value. Therefore, before the final prediction

convergence and stability have to be checked. If convergence is not yet reached within ac-

ceptable limits, additional measurements are necessary as the drying progresses. Considering

the speed with which screed usually dries, a waiting time of 0.5-1 days is recommended until

a new measurement is carried out. An acceptance criterion for a successful prediction would

be, if a number of consecutive predictions lies within a certain range, for example ±1 day, or

when the fitting parameters ξ do not change significantly any more. In the following section
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the application of this method is shown and validated by experimental data.

Figure 6.12: Process chart of moisture prediction.
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6.4 Validation of the Method

In this section, it is validated if the proposed prediction method is able to achieve the targets

formulated in the beginning of the chapter:

1. Prediction when a certain moisture content Θ is reached in the future

2. Estimation of the current moisture content when the measurement depth is limited to

20mm

Criteria for evaluation are the convergence period which denotes the minimum measurement

time necessary for a stable prediction, the accuracy of the predicted time, the uncertainty of

the prediction and the time gain which can be achieved with the method. Furthermore, the

general behaviour of the calculated drying curve in dependence of the measurement time is

investigated.

For each test material a representative sample is presented. To make the comparison be-

tween the materials as easy as possible, the same structure is used each time. First, the mea-

surement data, the fits and corresponding fitting parameters are presented. To evaluate the

quality of the calculated drying curve the previously introduced MSE28 (see Section 6.3.2)

in dependence of the measurement time is used. Subsequently, the estimation of the current

moisture content is discussed followed by the prediction results. Here, two different cases

concerning the available penetration depth dl are considered. On the one hand, the actual

penetration depth of the device (dl = 20 mm) is used. On the other hand, the case that the

complete sample depth is available (dl = ds) is assumed. This should show to what extent a

technical improvement of the measuring device can contribute to improving the method.

The first screed discussed is calcium sulphate CA1. The section is more extended than

for the following screeds since general observations are discussed. Subsequently, a stronger

focus is put on the respective differences between the materials.

6.4.1 Calcium Sulphate Screed: CA1

The test samples to verify the method are cylinders with 300 mm diameter and 40 mm height.

The jacket and the bottom side are sealed, so only evaporation over the top side is possible

resulting in an almost 1D moisture distribution. Note that drying is delayed by three days

after mixing since the sample is sealed during this time to prevent premature curing. Data

acquisition with the NMR device was started when the top surface of the sample is unsealed

and the usual drying process has started. All times are referred to the mixing time (tmeas = 0 s)

in the following. The NMR device used in this work has a penetration depth of 20 mm

covering 50 % of the sample thickness. To obtain reference values for comparison with the
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simulation results, the sample is also measured from the bottom to cover the entire thickness.

This would of course not be possible in a realistic application. During drying, the average

relative humidity was 35 % with variations of ±5 %. The temperature was determined to

20 ± 3 °C. Due to the small variations, the boundary conditions for simulation have been

set to the mean values of RH and T. Since the T2 distribution of the CA1 is available, an

initial material guess for calibration is constructed according to Chapter 7. A summary of the

resulting material functions is given in Appendix E.

Figure 6.13 shows the measurement results for six different measurement times. According

to the calibration procedure, the moisture distribution is converted to two reduced drying

curves with d = 20 mm and d = 10 mm. Additional to the experimental data, the fitted

simulation results are presented (solid lines). For each measurement time, the simulation can

be successfully adjusted to reproduce the measured data using the parameters ξ. The RDC for

d = 20 mm is fitted significantly better than the data of the 10 mm layer. Since these data are

taken into account with a double weighting in the fit algorithm, this behaviour is expected. If

the fitted RDCs are followed beyond the respective measurement time, the future behaviour of

the curves differ significantly. Especially during the first days a great uncertainty is observed

(compare tmeas = 7 d and tmeas = 9 d). The fitting parameters ξ = (β, α1, α2, γ) as a function

of the measurement time in Figure 6.14 provide more insight into the convergence behaviour

of the procedure.

At the beginning of the measurement, when the material is still in the first drying phase,

the fitting parameters show large variations and the long-term behaviour of the simulation is

obviously unrealistic. Then, shortly after the end of this phase (day 9), material information

can be extracted from the data and ξ is almost constant. Here, the overall behaviour of the

RDCs is much more realistic and only small changes with every new measurement point

occur. Only the water vapour conductivity remains uncertain over a long period. It takes

about 16 days until the RDCs contains the necessary information to characterize the vapour

conductivity.

The most interesting quantity, however, is the drying curve of the experiment. In Figure

6.15a the predicted drying curves θ(t; tmeas) corresponding to the fitting results in Figure 6.13

are shown. It is important to note that although each curve is given for the total drying time,

the underlying data correspond to a limited time period given by the measurement time tmeas.

For comparison, the drying curve measured by weighing and also by NMR is presented. The

NMR drying curve was obtained by combining the NMR measurements of the top side and

the bottom side of the sample. Since both data sets coincide, the calibration of the NMR

amplitude to the gravimetric moisture content has been successful.

With respect to the simulated drying curves, it is seen that the forecast becomes dramat-
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ically better on day 9. If the measurement time is further increased, the result is a steady

improvement until the optimum is reached on day 15. To better illustrate this point, Figure

6.15b shows the previously introduced MSE28. It denotes the mean squared error between

the predicted drying curves and the NMR reference curve (stars) in Figure 6.15a for the first

28 days. The course of the prediction accuracy can be followed very nicely in this graph.

When the measurement time exceeds 15 days no improvement of the error is observed any-

more. Overall, the moisture content is always overestimated by the predicted drying curves.

If the best prediction is used which is given for measurement times greater than 15 d, the

deviation is about 0.1 M-%. To what extent this deviation affects the prediction of time points

will be discussed in the following. Based on the predicted drying curves the two specified

targets are calculated.

Finally, a look is taken at the distribution of moisture in the sample. The measured pro-

files are compared at different times with the profiles resulting from the simulation with the

converged parameters. This is shown in Figure 6.16. As one can see, the final parameters ξ

are very well able to reproduce the distribution of moisture and not only the integral moisture

content. This indicates that the calibration of the material was successful
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Meas. time: 7d Meas. time: 9d

Meas. time: 11d Meas. time: 14d

Meas. time: 21d Meas. time: 28d

Figure 6.13: CA1: Measured reduces drying curves (d = 20 mm, 10 mm) and �tted
simulation for di�erent measurement times (7 d, 9 d, 11 d, 14 d, 21 d, 28 d). Since the
�rst drying phase does not contain any material information, the �t is unrealistic until
the 9th day.
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Figure 6.14: Fitting parameters ξ = (β, α1, α2, γ) as a function of the measurement
time. The parameter for the water vapour conductivity remains uncertain until day 16.

End of first drying phase

Figure 6.15: (a) Total drying curves corresponding to the measurement times in Figure
6.13. Additionally, the total moisture values obtained from NMR and from weighing
are shown as reference. (b) MSE28 as a function of measurement time.

Simulation
Measurement

Figure 6.16: Comparison of measured and simulated moisture pro�les obtained from
the converged �tting parameters at tmeas = 28 d.
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Estimation of current moisture content

Single-sided NMR devices have only a limited penetration depth which is usually not enough

to cover the whole screed. For the determination of moisture in screed, however, the moisture

must be determined over the entire depth, as depth layers in particular still contain a large

amount of water. In order to be able to estimate the moisture over the entire depth for each

measurement, two methods are proposed.

First, a very simple method is used, which is based only on the currently measured profile

and does not require any previous knowledge about the drying process. This method has

already been used to determine the initial moisture profile (see Eq. (6.18) and Fig. 6.10).

The measured moisture profile is homogeneously extended using the deepest measurement

point. The extrapolation method works well while the drying front is close to the surface and

becomes increasingly worse when it moves into the material.

Second, the moisture content of the screed can also be read from the simulated drying

curve. In the notation used in this chapter, the present or the time of the most current mea-

surement is always indicated by the measurement time tmeas. Consequently, the predicted

drying curve θ(t; tmeas) corresponding to the measurement time tmeas needs to be evaluated at

t = tmeas:

θcur = θ(t = tmeas; tmeas). (6.24)

Figure 6.17 shows the absolute deviation between the estimated moisture (based on the

limited penetration depth) and the reference moisture from the two-sided NMR measurements

for the two proposed methods. Note that the x-axis shows the actual measurement time, so it

is not about temporal extrapolation but only about the present moisture content. Both methods

show a reverse behaviour with the measurement time. At the beginning the estimation based

on simulation is relatively inaccurate since important material information is missing. Then,

it gradually improves with the measurement time. On the other hand, for the first drying phase

the profile extrapolation excels due to a very homogeneous moisture distribution and becomes

constantly worse. When the sample gets closer to its equilibrium value, the moisture gradient

decreases and the profile extrapolation again yields better results. However, the prediction

based method is still closer to the true value.

Since calcium sulphate screed has a relatively homogeneous distribution during the whole

drying process, the differences between both methods are small. This will change when dis-

cussing the cement screed samples. Of course, it should be noted that the profile extrapolation

has the distinct advantage that it can be applied without the information from the monitoring.
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Figure 6.17: Absolute deviation of estimated moisture content and NMR reference
moisture for CA1. Shown is the result from the pro�le extrapolation and the estimation
from �tting the RDCs.

Prediction of future moisture content values

Now, the following question should be answered. After what time tpr will the sample reach

a target moisture content Θ. Based on the simulated drying curves the predicted time tpr is

obtained from

Θ = θ(tpr; tmeas). (6.25)

Note that tpr refers to the time when the measurement is started (tmeas = 0) and is dependent

on tmeas and Θ. As the simulated drying curve improves with increasing measurement time,

the prediction tpr will also become more accurate. Figure 6.18 shows the predicted time tpr as

a function of the measurement time for three different values of Θ. The dashed line marks the

time when the sample reaches Θ according to the gravimetric measurements and functions as

benchmark.

Since tpr is derived from the drying curve, it also shows a transient phase before it finally

stabilises. The time from mixing until stabilisation is called convergence period and the

converged prediction is denoted by t̂pr in this work. Convergence can be observed particularly

well in this graph because even small differences in the drying curve cause large differences in

tpr. For the current sample, the convergence period is about 16 days independent of the target

moisture. The converged prediction times are t̂1.0pr = 20 d, t̂0.75pr = 25 d and t̂0.5pr = 32 d. For

this sample, the prediction t̂pr overestimates the true time by about 2 days for the three values

of Θ. This is probably an effect of an insufficient calibration of β. Considering the total

drying time of screed, the result is acceptable. The red area indicates that the measurement
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Target moisture

0.5 M-%

Figure 6.18: Predicted time when the target value Θ is reached as a function of tmeas.
Additionally, the time when the gravimetric moisture reaches Θ is displayed (dashed
line). The red area indicates that the measurement time exceeds the predicted time.

time exceeds the predicted time t̂pr. When this happens t̂pr, remains constant and it is no

longer a prediction.

The actual time gain generated by the prediction is probably the most interesting value.

The time gain is defined as the difference between t̂pr and the convergence period. Especially,

the independence of the convergence period from Θ leads to interesting implications. If Θ is

reached before 16 days, the time gain is always zero since no convergence of tpr is reached.

The critical moisture content which just allows no prediction is Θ = 1.2 M-%. Furthermore,

the time gain increases the smaller the value of Θ or the later the predicted time, respectively.

While for Θ = 1 M-% only about 4 days are between a reliable prediction and the reaching of

the moisture value, for Θ = 0.5 M-% the time gain is already 16 days. Of course, this values

are specific to this sample and the boundary conditions during drying and are not generally

valid. Overall, the method provides only an advantage, if the moisture content of interest is

relatively small and requires a long drying time.

Results for other samples of CA1 are very similar with respect to prediction accuracy and

time gain. The convergence time varies within 2 - 3 days depending on the environmental
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conditions and the length of the first drying phase. Regarding the limitations of the method

concerning the long-term behaviour and equilibrium state resulting from the underestimation

of the moisture storage function as described in Section 6.3.6, none of the samples reach the

critical point within the first 7 weeks. In general, this is absolutely sufficient for the screed

use case.

Prediction Capability without Penetration Depth Limitations

In the previous section the results of a measurement device with limited penetration depth

of about 50 % of the average screed thickness are discussed. Although this is the case for

the current single-sided NMR device, it is investigated how the prediction method performs

if the limitation is dropped. Therefore, the two-sided NMR measurements of the sample

are used. Within the scope of the multi-RDC method the drying curve or the RDC(40 mm),

respectively, and the RDC(20 mm) are used for fitting, instead of 20 mm and 10 mm depth.

The corresponding results are presented in Figure 6.19a-c. The first plot shows the MSE28

as a function of the measurement time. Compared to Figure 6.15b, the error is significantly

lower since the drying curve itself is part of the fitted data. Consequently, the accuracy of

the prediction also increases which is seen in Figure 6.19b and c. As soon as the prediction

has converged, the deviation from the true value is about 1d and less. Additionally, the

measurement time which is required until convergence has significantly reduced from 16

days to 12 days. This directly increases the time gain of the method.
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Figure 6.19: (a) MSE28 as a function of the measurement time for the �rst 28 days.
(b) and (c) Results without penetration depth limitations (dl = 40 mm). Predicted time
when the target value Θ is reached as a function of tmeas. Additionally, the time when
the gravimetric moisture reaches Θ is displayed (dashed line). The red area indicates
that the measurement time exceeds the predicted time.

Error Estimation

In order to finish the discussion of CA1, it is tried to evaluate the uncertainty of the calibration

procedure and the resulting simulation results. Therefore, the probability distribution of the

fitting parameters ξ are calculated according to the theory of linear regression. Subsequently,

different sets of parameters are sampled from the 4-dimensional error ellipsoid with a confi-

dence level of 95 % and the corresponding drying curves are simulated. The resulting family

of curves is an indicator for the fluctuation range of the predicted drying curve. We say inten-

tionally indicator, because the fitting procedure is a non-linear regression and the confidence

interval calculation is only approximate. A detailed description of the sampling process is

given in Appendix D. Figure 6.20 shows the results for a measurement time of 15 days and a

penetration depth of dl = 20 mm. The family of curves form a tight band around the simu-
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Figure 6.20: Visualisation of the 95% error bounds of the predicted drying curve for
tmeas = 15d and dl = 20 mm

lated drying curve which indicates a small uncertainty in the calibration. Consequently, the

prediction values should be also very accurate.
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6.4.2 Calcium Sulphate Screed: CA2

The results of the second calcium sulphate screed CA2 are very similar to CA1 in almost all

points. The mean ambient temperature during drying was 20± 3 °C and the relative humidity

was 55 ± 5 %. These values have also been used for fitting the simulation to the measured

data. The screed has been characterized in advance by means of NMR porosimetry. The

non-calibrated liquid water and water vapour conductivity functions are shown in Appendix

E.

Results of the fitting procedure are summarised in Figure 6.21. The measured data and

the fitted RDCs are shown for three measurement times (tmeas =7 d, 14 d, 28 d). The vari-

ation parameters (β, α1, α2, γ) are able to fit the experimental data excellently. The course

of the parameters shown in Figure 6.21d is almost identical to CA1. Even the hump in γ is

reproduced.

With regard to the predicted drying curves in Figure 6.21e, the results of CA2 are slightly

better than for CA1 since no overestimation is observed. The calibration of the NMR ampli-

tude to gravimetric moisture has been excellent for the screed. Similar to CA1 the simulation

of the drying curve remains inaccurate as long as only information from the first drying phase

is available. This is best seen in Figure 6.21f which shows the MSE28 of the simulated drying

curve and the NMR reference curve as a function of the measurement time. The final error is

about one magnitude smaller for this sample compared to the CA1 sample.
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Meas. time: 7d Meas. time: 14d

Meas. time: 28d

End of first drying phase

Figure 6.21: CA2: (a-c) Measured reduces drying curves (d = 20 mm, 10 mm) and
�tted simulation for di�erent measurement times (7 d, 14 d, 28 d). (d) Fitting parame-
ters ξ = (β, α1, α2, γ) as a function of measurement time. (e) Comparison of simulated
drying curves corresponding to the measurement times and reference values from NMR
and weighing. (f) MSE28 as a function of the measurement time.
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Figure 6.22: Absolute deviation of estimated moisture content and NMR reference
moisture for CA2. Shown is the result from the pro�le extrapolation and the estimation
from �tting the RDCs.

Estimation of current moisture content

Using Equation (6.24) the total moisture content is evaluated. The result is shown in Figure

6.22. Additionally, they are compared to the profile extrapolation method described in Section

6.4.1. The interpretation is largely analogous to CA1. As expected, the simulation results

become more accurate as the measuring time increases. However, the extrapolation method

based on the moisture profile yields comparable results since the moisture content in calcium

sulphate screed is distributed almost homogeneously at all times. All in all, there are no

advantages from the simulation in this case.

Prediction of future moisture content values

The prediction time tpr for different values Θ is shown Figure 6.23. While on day 10 it

initially looks like tpr is constant, on day 16 another correction of the prediction occurs.

Such a behaviour makes it difficult to assess convergence during the ongoing measurement,

especially since the fitting parameters in this region are also constant. The convergence period

of 17 days is again independent of the moisture value Θ. Since the sample has already reached

a moisture content of 1.05 M-% at day 17, only values Θ < 1.05 M-% can be predicted. For

both values of Θ the deviation between prediction and the true time is less than 1 day which

is a very good result. The reaching of the moisture content of 0.5 M-%, often considered as

dry, can be determined 13 days in advance.

For Θ = 0.5 M-% the prediction slightly deviates from the true value for long measurement

times. Most likely, the reasons is the indeterminacy of the fitting parameter gamma which
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Figure 6.23: Predicted time when the target value Θ is reached as a function of tmeas.
Additionally, the time when the gravimetric moisture reaches Θ is displayed (dashed
line). The red area indicates that the measurement time exceeds the predicted time.

changes slightly over the whole measuring time and has not reached a final value even after

30 days. The error that would be caused by the achievement of equilibrium can be excluded.

In this case, the simulated drying curve would underestimate the real one and the predicted

time would be too short and not too long.

Prediction Capability without Penetration Depth Limitations

Considering the complete moisture depth profile for prediction instead of only the first 20 mm,

the situation shown in Figure 6.24 arises. For calibration the total drying curve and the re-

duced drying curve with d = 20 mm have been used as input for the multi-RDC method.

Contrary to screed CA1 the convergence period is not reduced and the time gain is not in-

creased. With respect to accuracy a slight improvement is observed.

Figure 6.24: Results without penetration depth limitations (dl = 40 mm): Predicted
time when the target value Θ is reached as a function of tmeas. Additionally, the time
when the gravimetric moisture reaches Θ is displayed (dashed line). The red area
indicates that the measurement time exceeds the predicted time.
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6.4.3 Cement Screed CS1

After the discussion of calcium sulphate screed, in this section the material class is changed to

cement screed. Cement screed is essentially the same as concrete. As the drying of concrete

is also relevant in other areas than floor screed, these results are of particular interest with

regard to other applications. The presented samples were dried at a temperature of about

20 °C in average and the relative humidity was constant at 35 % with small variations. The

initial material for the calibration procedure is summarised in Appendix E. The sample was

completely sealed for 3 days after mixing to support the early hydration.

Figure 6.25 shows a selection of measurement times with the experimental data and the

corresponding fitting results. The transition from drying phase 1 to phase 2 is earlier for

cement screed due to the small pore sizes and the resulting lower liquid water conductiv-

ity. Consequently, the whole drying process takes place at higher moisture values than for

calcium sulphate. Additionally, the moisture content in the upper 10 mm of the sample is

significantly lower than for 20 mm. This indicates a strong moisture gradient within the ma-

terial. Nevertheless, the results show that a solution ξ can be found describing both RDCs

very well. The fitting parameters are presented in Figure 6.26. About 12 days after mixing of

the sample the parameters ξ remain almost constant. Contrary to calcium sulphate screed the

γ controlling the water vapour conductivity also converges shortly after the end of the linear

drying phase. The parameters α1 and α2 have a contradictory behaviour before reaching their

final values. The reason is that both parameters influence similar areas of the liquid water

conductivity function.

Figure 6.27a presents the drying curves θ(t; tmeas) corresponding to the measurements

times in Figure 6.25 and compares them to the gravimetric and two-sided NMR measure-

ments. Several points are noticeable. First, the drying behaviour is very slow; even after two

months the moisture content of the sample does not reach the threshold for the readiness for

flooring (see Section 2.2).

Second, the two-sided NMR measurements and the gravimetric measurements do not co-

incide. This indicates an imperfect calibration of the NMR signal to the moisture content

for this sample. The observation is important for the interpretation of the following results.

Since the input data for the prediction model are the NMR data, it cannot be expected for

the prediction to reproduce the gravimetric moisture content but only the moisture content

from NMR measurements. The simulated drying curves in Figure 6.27a clearly approximate

the NMR reference curve. Therefore, the results are also discussed with respect to the NMR

reference and not only with respect to the gravimetric curve. The MSE28 as a function of

the measurement time is shown in Figure 6.27b. Note that it indicates the deviation between

simulation and NMR reference.
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Overall, other samples of CS1 yield similar results within the scope of the tested boundary

conditions during drying (T = 20-23 °C, RH= 30-60 %).

Meas. time: 6d Meas. time: 7d

Meas. time: 11d Meas. time: 14d

Meas. time: 21d Meas. time: 28d

Figure 6.25: CS1: Measured reduces drying curves (d = 20 mm, 10 mm) and �tted
simulation for di�erent measurement times (6 d, 7 d, 11 d, 14 d, 21 d, 28 d). Since the
�rst drying phase does not contain any material information, the �t is unrealistic until
the 9th day.
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6.4 Validation of the Method

Figure 6.26: Fitting parameters ξ = (β, α1, α2, γ) as a function of the measurement
time.

Figure 6.27: (a) Simulated drying curves θ(t, tmeas) corresponding to the measurement
times in Figure 6.25. Additionally, the total moisture values obtained from NMR and
from weighing are shown as reference. (b) MSE28 as a function of the measurement
time.
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Figure 6.28: Absolute deviation of estimated moisture content and NMR reference
moisture for CS1. Shown is the result from the pro�le extrapolation of the depth
pro�le and the estimation from �tting the RDCs.

Estimation of current moisture content

Figure 6.28 compares the two methods to estimate the current moisture content. The graph

shows the absolute deviation of the estimation to the NMR reference value. As discussed

before, the profile extrapolation of measured moisture profiles is good as long as the mois-

ture is homogeneously distributed. However, in the case that the sample exhibits a strong

moisture gradient after a few days, the moisture content is strongly underestimated. Here, the

absolute deviation of the estimated total moisture content to the reference value is relatively

large with values about 0.3 M-%. In contrast, the moisture estimation based on the fit and

Equation (6.24) is significantly better, about 0.05 M-% deviation. The development of the

accuracy of the two methods with the measurement time is as expected. In the early stage

when the moisture distribution is still homogeneous the profile extrapolation performs well

and then becomes increasingly worse. The estimation from fitting has a poor performance

in the beginning and then improves. Since the first drying phase is short for the sample and

boundary conditions the transient period is also short. After 7 days, the estimation from

fitting surpasses the profile extrapolation.

Prediction of future moisture content values

Figure 6.29 shows the results of tpr for two values of Θ. It is determined according to Equation

(6.25),

Θ = θ(tpr; tmeas). (6.26)
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Figure 6.29: Predicted time when the target value Θ is reached as a function of tmeas.
Additionally, the time when the gravimetric moisture reaches Θ is displayed (dashed
line). The red area indicates that the measurement time exceeds the predicted time.

Since the sample have not reached the commonly used thresholds for readiness for flooring

during the observation period, different moisture values are predicted to evaluate the pro-

posed method. The consequences of this topic for the prediction method are discussed in the

conclusions section of this chapter.

The first thing to be noticed in Figure 6.29 is that the prediction dramatically underesti-

mates the true time with respect to the gravimetric measurements. For example the moisture

content Θ = 4.5 M-% is predicted for day 30 but is reached at day 42. To explain this devia-

tion the time when the drying curve from NMR (Fig. 6.27a, stars) reach Θ is displayed as a

red horizontal line. Here, the prediction is excellent. The reason has been already discussed

above. Due to an imperfect calibration, NMR and gravimetric moisture content do not coin-

cide. Since only NMR data is considered for the fitting procedure the prediction is only valid

for the NMR values. Concluding, a reliable measurement device is mandatory for a reliable

prediction.

Regarding the course of tpr, cement screed is almost similar to CA1 and CA2. Since the

first drying phase is shorter for the example, the converged value t̂pr is already reached after

a convergence period of 12 days. Following values are observed: t̂pr = 21 d for 5.0 M-%

and t̂pr = 30 d for 4.5 M-%. Therefore, the principle time gain by the prediction procedure is

9 days and 18 days, respectively. The time gain is defined as the difference between t̂pr and

the convergence period.

Prediction Capability without Penetration Depth Limitations

For the sake of completeness, the case that the entire sample thickness can be measured has

also been investigated. The result for Θ = 5.0 M-% is shown in Figure 6.30. As before, tpr

shows less pronounced fluctuations and reaches the final value t̂pr faster. Altogether about two
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Figure 6.30: Results without penetration depth limitations (dl = 40 mm): Predicted
time when the target value Θ is reached as a function of tmeas. Additionally, the time
when the gravimetric moisture (dashed line) and the NMR reference (solid line) reach
Θ is displayed. The red area indicates that the measurement time exceeds the predicted
time.

additional days are gained. The accuracy is identical to the restricted case. These changes are

essentially independent of the target moisture content and also apply to other values of Θ.

Error Estimation

The uncertainty of the simulation results has been evaluated on the basis of the confidence

bounds of the fitting parameters. Therefore, the joint probability distribution of the fitting pa-

rameters ξ is calculated according to the theory of linear regression. Subsequently, different

sets of parameters are sampled from the 4-dimensional error ellipsoid with a confidence level

of 95 % and the corresponding drying curves are simulated. The resulting family of curves

is an indicator for the fluctuation range of the predicted drying curve. Figure 6.31 shows the

results for a measurement time of 15 days and a penetration depth of dl = 20 mm. Compared

to calcium sulphate screed, the ’confidence’ band of CS1 and cement screed, in general, is

significantly broader. However, some parameters, like β, show an unexpected large uncer-

tainty. This is not directly plausible since the slope of the first drying phase is a well-defined

parameter. In this context, it has to be noted that the joint distribution is calculated according

to linear regression theory. Since the proposed method uses non-linear regression, the neces-

sary quantities (e.g. design matrix) are approximated by local linearisation (see Appendix D).

However, the approximation can be arbitrarily bad. Consequently, the fitting parameters are

not necessarily normally distributed as assumed. As a result, the interpretation of the curve

family is not entirely clear and should be seen as the worst case scenario.
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Figure 6.31: Visualisation of the 95 % error bounds of the predicted drying curve for
tmeas = 15d and dl = 20 mm

6.4.4 Cement Screed CS2

The last screed type investigated in this work is the cement screed CS2. Since the inter-

pretation of the results is largely analogous to CS1, the section deals in particular with the

differences between both screeds. The boundary conditions were T = 20 °C and RH= 35 %.

The initial material for fitting is given in Appendix E.

Figure 6.32 summarises the results of the experiment and the calibration. Since the amount

of mixing water for CS2 has been only 3.2 l/40kg, the initial moisture content is small com-

pared to the other samples. Additionally, the drying rate is very slow, so that the mass loss

during 8 weeks is only 2.1 M-%. The y-axis of the graphs is consequently very fine and small

deviations appear to be relatively large. The experiment is fitted very well by the simulation

using the variation parameters ξ. Only little variations are observed between the fitting re-

sults even in a very early stage of drying. The reason is probably that the first drying phase

is almost not existent. In this way, reliable material information can be extracted after a short

time using several RDCs.

Graph (e) displays the simulated drying curves and the reference curves from NMR and

Darr drying. The calibration of the measurement device to the gravimetric moisture content

is good with an overestimation for lower moisture values. This is consistent with the results

in Section 5.4.1. A characteristic feature of the sample is the bulge of the NMR drying curve

at day 22 which does not appear in the gravimetric curve. The bulge is also observed in the

MSE28 and the fitting parameters in graph (f) and (d), respectively. Additionally, both plots

show that the fit has temporarily stabilized after about 13 days.

Since other samples show the same behaviour, the bulge is probably caused by the specific
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form of the correlation curve of CS2 (see Figure 5.8). For small amplitude values, which

occur especially in the upper material layers, even small variations and uncertainties cause a

large change in the moisture content. As a result, the moisture content determined by NMR

becomes error-prone.

Meas. time: 7d

Meas. time: 14d

Meas. time: 21d

Figure 6.32: CS2: (a-c) Measured reduces drying curves (d = 20 mm, 10 mm) and �t-
ted simulation for di�erent measurement times (7 d, 14 d, 21 d). (d) Fitting parameters
ξ = (β, α1, α2, γ) as a function of the measurement time. (e) Comparison of simulated
drying curves corresponding to the measurement times and reference values from both
sided NMR measurements and weighing. (f) MSE28 as a function of the measurement
time.
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Figure 6.33: Absolute deviation of estimated moisture content and NMR reference
moisture for CS2. Shown is the result from the pro�le extrapolation and the estimation
from �tting the RDCs.

Estimation of current moisture content

Regarding the estimation of the total moisture content of the sample, the observations from

CS1 are confirmed. The results are given in Figure 6.33. Since the first drying phase is even

shorter for this sample, the simulation based estimation is more accurate right from the start

of the NMR measurements. Here too, the bulge discussed above is observed and causes a bias

of both methods of 0.05 M-% after day 22. Overall, the results show that the fitting method

is preferable to profile extrapolation if the appropriate data are available.

Prediction of future moisture content values

For the sample a mixed picture is drawn with respect to the prediction. The results for two

values of Θ are shown in Figure 6.34. The time t̂pr is reached after a convergence period of

approximately 13 days of data collection. While not as strong as for CS1, the same prob-

lem concerning the gravimetric moisture content is observed. The prediction is only valid

within the measurement method which is used for moisture determination. Furthermore, the

prediction is dramatically influence by the bulge. In both cases, tpr exhibits strong variations

when the measurement time reaches the bulge. Furthermore, for moisture values which are

reached before the bulge, for example Θ = 4 M-%, the prediction t̂pr coincides with the NMR

reference value (red horizontal line). However, this is no longer the case for values which are

reached after the bulge (e.g. Θ = 3.6 M-%). Figure 6.34 shows that the predicted time is

about 7 days too high compared to the NMR reference. Just when the disturbance is reflected

in the data used for fitting, both values seem to slowly reapproach. One can argue whether
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Figure 6.34: Predicted time when the target value Θ is reached as a function of
tmeas. Additionally, the time when the gravimetric moisture (dashed line) and the NMR
reference (solid line) reach Θ is displayed. The red area indicates that the measurement
time exceeds the predicted time.

this is a shortcoming of the prediction method or the measurement method.

Prediction Capability without Penetration Depth Limitations

Removing the measurement depth limitation of the data, only slightly improve the results.

The results are displayed in Figure 6.35. The variations mentioned above reduces, but the

major problem concerning the prediction of the right time point remains. The simulated

drying curve still reaches the value of Θ = 3.6 M-% much too late. In fact the deviation has

increased a little.
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Figure 6.35: Results without penetration depth limitations (dl = 40 mm): Predicted
time when the target value Θ is reached as a function of tmeas. Additionally, the time
when the gravimetric moisture (dashed line) and the NMR reference (solid line) reach
Θ is displayed. The red area indicates that the measurement time exceeds the predicted
time.

6.5 Boundary Conditions

Before the chapter is closed, the topic of boundary conditions should be discussed. Accord-

ing to the calibration scenario of 1-dimensional drying, the relevant conditions are ambient

relative humidity and ambient temperature. Until now, it has been assumed that the boundary

conditions during the calibration phase are known. This is only a very weak condition since

RH and T can be measured very easily and inexpensively, for example with MEMS sensors.

However, the question can be asked to what extent relative humidity and temperature have

to be known. First, it should be introduced how the two boundary conditions are considered

in the simulation. Remember that the vapour flux is given by Equation (6.21),

jmvdiff = β · (pelem
v − pambient

v ) [kg m−2 s−1] (6.27)

with the water vapour pressure in the surface element pelem
v , the water vapour pressure of the

ambient air pambient
v and the water vapour exchange coefficient β. Positive values of jmvdiff yield

a vapour flux from the element into the ambient air. The ambient water vapour pressure can

be expressed in terms of relative humidity and temperature,

pambient
v = pv,sat(T

ambient) · φambient [Pa] (6.28)

pv,sat(T ) = 611.2 · exp

(
17.62 · T

243.12 + T

)
[Pa] (6.29)

The second equation is the Magnus equation for the saturation vapour pressure of water

vapour.
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(a) (b)

(c) (d)

Figure 6.36: Calibration results as a function of the ambient relative humidity. (a)
error of �t, (b) MSE28, (c) �tting parameters (α1, α2, γ), (d) water vapour exchange
coe�cient.

Besides RH and T, also the coefficient β has a central role controlling the vapour flux at

the surface. Since β is also part of the parameter set ξ, not only material parameters but

also the boundary conditions are extracted from the data set to some degree. This is possible

because the first drying phase is almost independent of the material properties and allows

a clear separation between boundary conditions and material. It can therefore be assumed

that the adaptation of β gives some room for the choice of RH and T. In order to investigate

how far away from the true values RH and T can be without affecting the calibration of the

material parameters (α1,2, γ), a data set of screed CS1 has been fitted with different values of

RH and T, respectively. The true values for RH and are 35 % and 21 °C. Figure 6.36 shows

the results of the fits as a function of the ambient relative humidity. Presented are the error

of fit (Eq. (6.16)), the MSE28 and the fitting parameters (β, α1, α2, γ) in dependence of RH.

The same is presented in Figure 6.37 for different temperatures.

In both cases, β is able to compensate the effect of "wrong" environmental conditions over

a wide range. At the same time, the parameters (α1, α2, γ) controlling the transport properties

of the material are unaffected of RH and T, respectively. The same applies to the simulated
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(a) (b)

(c) (d)

Figure 6.37: Calibration results as a function of the ambient temperature. (a) error
of �t, (b) mean squared error of the drying curve, (c) �tting parameters (α1, α2, γ), (d)
water vapour exchange coe�cient.

drying curve expressed by the MSE28. The small oscillations of the curves are not connected

to the ambient conditions but indicates that the minimisation algorithm jumped to a near,

comparable minimum.

The behaviour of β when assuming a false RH, respectively T, can be explained with

Equation (6.21). If RH is raised, pambient
v increases and the flux jmvdiff decreases. To compensate

this, the value of beta must be also raised. In case of temperature the situation is slightly more

complicated since additional to vapour diffusion also heat conduction have to be considered.

When T ambient is set to large values, pambient
v increases. However, the material temperature is

raised through heat conduction as well. Consequently, the vapour pressure pelem
v will also

increase leading to an increase of the overall flux. To maintain the vapour flux at the required

level pre-set by our data, the value of β decreases as a function of T . This behaviour works

over a wide range so that it is almost irrelevant which ambient conditions are assumed for

calibration. Nevertheless, it is recommended using the real values if available.
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6.6 Summary and Conclusions

The chapter presents a method which allows the calibration of capillary porous materials

on the bases of one or multiple reduced drying curves (RDC). Contrary to the drying curve

which denotes to average integral moisture content of the whole sample, a reduced drying

curve only yields the moisture content of a part of the sample. By using multiple RDCs the

amount of information extracted from the drying experiment is increased allowing a more

reliable and numerically stable calibration. Subsequently, it has been shown that the method

can be used for a real time calibration of drying screed and, therefore, allows to predict the

future drying behaviour. On this basis, the time can be predicted when a certain moisture

content is reached. The presented experiments show that about 10-15 days of measured data

after the mixing of the screed are necessary to yield a reliable calibration. As a consequence

of this calibration period, the method is particularly suitable for predicting moisture levels

that are still far in the future. Since screed often requires 4-6 weeks to reach the desired

moisture content, even after the calibration period a benefit of several weeks can be achieved

depending on the desired moisture value.

Another major goal of the proposed method is to overcome the limited penetration depth

of the single-sided NMR device. The device used in this work has a penetration depth of

20mm. This covers only about 50 % of the thickness of a common screed. In addition to the

prediction the calibration method can be used to estimate the current total moisture content

of the screed. The results show that the prediction capability is only slightly impaired by the

limitation. At the same time the estimation of the current total moisture content works pretty

well as soon as the linear drying phase has finished. Note that the linear drying phase is not

identical to the calibration period.

For application of the method and interpretation of the results some points need to be

considered.

1. The method basically performs a recalibration of an initial material guess. In the study,

this guess has been created from NMR porosimetry data as described in the next chap-

ter. However, since the transport functions are significantly modified during the cali-

bration process, other sources or even a generic approach are imaginable. For example,

experiments with screed materials from the DELPHIN database have produced com-

parable results. Nevertheless, it is suggested to take a material specific initial guess if

available.

2. The moisture storage function of the initial material guess is deliberately underesti-

mated so that the simulation can follow the true drying curve as long as possible and do

not get stuck in an overvalued equilibrium moisture content. Due to this measure, the
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long term behaviour of the simulation and the screed deviates. The predicted drying

curve is only trustworthy while the screed is in a non-stationary state. However, this is

usually the case in the relevant time periods.

3. The reliability of the method requires that the boundary conditions like relative hu-

midity, temperature or air flow do not change dramatically in the future. Although the

drying behaviour is less sensitive to boundary conditions in the second drying phase

than in the first phase, it is not entirely independent. So, the prediction is always under

the assumption of given boundary conditions. To be clear, this does not mean that they

must have constant values, but they can also be given as a climate file.

4. It is suggested to determine the end of the calibration phase according to variations in

the fitting parameters. In this context, it must be remembered that some parameters

cause changes on a logarithmic scale and even small variations have large effects. On

the other hand, for some materials the water vapour conductivity may still change even

for long measurement times. Under these conditions the definition of a consistent and

generic convergence criterion is a difficult task and still bears potential for improve-

ment.

5. The proposed method can only be as good as the measurement device which provides

the data for the calibration procedure. Corrupted input data will also result in a cor-

rupted prediction.

In order to improve the method the principle of "the more information available, the bet-

ter" applies. For physical reasons, the calibration phase cannot be arbitrarily shortened since

the initial drying phase does not allow conclusions about the material properties. However,

a higher spatial resolution allows to regard additional RDCs. This could lead to better fit-

ting results and reduce the numerical problems during the fitting procedure. Furthermore,

the introduction of additional fitting parameters is conceivable allowing a higher variability

when describing drying processes. An advanced approach to describe screed drying more

effectively would be to combine the measurement data from multiple locations in a room to

obtain a common calibration. This could for example be attempted to completely separate the

influence of the boundary conditions from the material properties. Future work could start

here.

Although it has been demonstrated that the principle of the method works well, the applica-

tion needs to be kept in mind. Especially, the initial target requires a critical review. In the

beginning, it was formulated to give a potential user a prediction when the floor screed reaches
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the desired moisture content. Given the fact that often the limit values defined in today’s stan-

dards cannot be reached, one can naturally ask oneself how reasonable the prediction of this

time is, if it is not even clear which moisture value is actually desired. Therefore, it may be

more appropriate to change the target and predict the moisture content in one or two weeks.

At least mathematically, this would have some advantages. On the one hand, the prediction of

moisture contents instead of time would be more accurate due to the flat shape of the drying

curve. On the other hand, one does not get tempted to predict moisture levels that may not

be reached or violate the condition that the method only works for the non-stationary case far

from equilibrium. Whether the resulting added value justifies the measurement effort for this

type of prediction cannot be answered at this point. In the end, it can only be determined by

the practical application and the exchange with the actual user, i.e. craftsmen.

Furthermore, additional application areas are conceivable. For example, besides the pure

prediction measures like heating and ventilation could be suggested to accelerate the drying

behaviour. The efficiency of such measures can then be evaluated by including the cor-

responding changes of the boundary conditions in the simulation. However, the question

remains whether the parameters which were calibrated under certain boundary conditions

maintain their validity under other conditions. This could also be a starting point for future

work.
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The application of the proposed moisture prediction method requires an initial material which

allows calibration. Unfortunately, the DELPHIN database includes only two screed types

at the moment: Cement screed FloatingFloorScreed_69.m6 and calcium sulphate screed

FliessestrichKnaufFE50_68.m6. To what extent these materials can be used for a simulation

of unknown screed is questionable. The characterisation of new materials for DELPHIN,

however, requires multiple different experiments. Special laboratory equipment and sample

preparation is necessary which makes the complete process expensive and time-consuming.

Right now, the calibration of one material causes costs about 6000e and requires a mea-

surement time of 3 to 6 months. Since there are many screed types and manufacturers, this

makes it impractical to set up a large database of different screeds and concretes with the

usual methods for the application considered in this thesis.

To overcome the problem a material characterisation based on NMR porosimetry instead of

the usual experiments is suggested. This has the strong advantage that it grants independence

from the DELPHIN database. For this purpose, the pore volume distribution is estimated

using the T2 distribution and the transport parameters are calculated according to Hagen-

Poiseuille. A measurement of the T2 distribution is simple and requires only a few minutes.

Note that the T2 distribution is also required by the previously presented model correlating

NMR amplitude and moisture content. Therefore, within the case that the moisture content is

measured by single-sided NMR no additional measurements are required to create an initial

material. Each material which is calibrated for moisture measurement also can be charac-

terised for HAM simulations. As a result, a single data base which is independent of the

original DELPHIN database and which combines the moisture calibration and the material

characterisation can be used.

The chapter starts with an introduction of commonly used pore models. On this basis the

proposed material characterisation method using NMR porosimetry is developed.
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7 Material Characterisation

7.1 Pore Model and Moisture Storage Function

Different pore geometries and pore sizes make the microscopic description and characteri-

sation of a realistic porous material very complex or even impossible. Therefore, instead of

dealing with the actual microscopic pore configuration of the material, a simplified approach

is assumed. The pore model of Reference [68] which is used in this work assumes that the

pores have cylindrical geometry and are fully interconnected. This is the capillary bundle

model which is also used for the correlation model in Chapter 5. Usually, a material contains

a number of such pores with different radii and lengths which are distributed according to

the pore size distribution function f(r). Multiplication with the pore volume yields the pore

volume distribution,

V (r) = Vp(r)f(r) = πr2l f(r). [m2] (7.1)

7.1.1 Moisture Storage Function

Based on the pore volume distribution function, a number of important moisture-related ma-

terial properties can be derived. The most important one is the moisture storage function.

According to the surrounding conditions the pores of a material in equilibrium are filled up

to a certain pore radius rc. The cumulative volume of the filled pores is given by

Ṽ =

∫ rc

0

V (r)dr. [m3] (7.2)

In order to get a realistic model for the total moisture content θ, this volume has to be scaled

by the moisture content at effective saturation θeff:

θl(r) = θeff
Ṽ

Vtot
= θeff

∫ rf
0
V (r′)dr′∫∞

0
V (r′)dr′

. [m3/m3] (7.3)

To express the moisture content in an experimentally more convenient way, the Young-

Laplace equation is used to introduce the capillary pressure,

pc = pl − pa =
2σlg
r

cos γ [Pa] (7.4)

with the air pressure pa, liquid pressure pl, the surface tension σlg and the contact angle γ

which is usually set to zero. This yields the moisture retention characteristic shown in Figure

7.1a. Furthermore, application of the Kelvin equation,

pc = ρlRvT lnφ, [Pa] (7.5)
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7.1 Pore Model and Moisture Storage Function

Figure 7.1: (a) retention characteristic. (b) sorption isotherm.

yields the sorption isotherm in terms of the relative humidity (see Figure 7.1b).

These two functions are directly measurable and therefore very important to characterise

porous materials. Usually, the moisture content is divided into two distinct moisture ranges:

hygroscopic moisture range and overhygroscopic moisture range. The subdivision is a re-

sult of the different experimental techniques required to measure the moisture in the different

ranges and the dominant transport process, respectively.

The hygroscopic moisture range is defined between 0 % and 95 % to 98 % of relative hu-

midity. In this range, the relationship between the pore volume distribution and the moisture

storage function has only limited validity. For example, the limit radius at a humidity of 5 %

would be in the order of magnitude of a single water molecule. Instead of single filled pores,

water molecules are adsorbed at the inner material surface creating an increasing number of

molecular layers without forming a continuous liquid phase. Water-filled pores can only be

assumed from a relative humidity of larger than 70 %. The vapour transport is dominant or

comparable to the liquid water transport.

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 is dominant in this stage. 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.

The moisture storage function is not a unique but a process dependent relation. Although

describing stages of equilibrium, the function belonging to a desorption process takes higher

values than one following an adsorption process. This hysteresis is schematically illustrated

in Figure 7.2. Responsible for this behaviour are a number of effects as [107]:

1. the ink bottle effect,
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7 Material Characterisation

Figure 7.2: Hysteresis of the moisture storage function with respect to desorption and
adsorption.

2. entrapped air inside the water filled pore system

3. contact angle hysteresis

4. physical or chemical changes of the pore system (i.e. shrinkage and swelling, chemical

reactions)

7.1.2 Liquid Water Conductivity

The liquid water flow in the balance Equation (6.6) is a central transport mechanism for heat

and moisture transport in porous media. It is driven by the pressure gradient and is controlled

by the liquid water conductivity function Kl(θ). The advantage of the previously presented

pore model (capillary bundle) is that it allows to consistently establish a relationship between

the moisture storage function or pore model and the liquid water conductivity.

The laminar volume flow in a single, cylindrical tube is expressed by the Hagen-Poiseuille

equation,

jV1 = −πr
4

8ηl
·
[
∂pl
∂xk

+ ρlgk

]
[kg m−2 s−1] (7.6)

connecting the volumetric flow rate jV1 to the tube radius r, the dynamic viscosity of the

liquid phase ηl and the gradient of the liquid water pressure. Extending this approach to a

bundle of tubes which are filled up to the radius rc, Equation (7.6) must be integrated over
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7.1 Pore Model and Moisture Storage Function

the pore size distribution function f(r),

jV = −
∫ rc

0

πr4

8ηl
· f(r) dr ·

[
∂pc
∂xk

+ ρlgk

]
. [kg m−2 s−1] (7.7)

Using the derivative of Equation (7.3) and Equation (7.2),

dθ

dr
=
θsat
Vtot

πr2 · f(r) [m−3] (7.8)

and multiplying it by the density of the liquid phase ρl yields the mass flow density jmlk =

ρlv
ml
k in dependence of the capillary radius,

jmlk = − Vtotρl
θsat8ηl

·
∫ θ

0

r(θ′)2dθ′ ·
[
∂pc
∂xk

+ ρlgk

]
. [kg m−3 s−1] (7.9)

Note that all pores are assumed to have the same length l which defines the unit length.

Comparison of Equation (7.9) and the liquid water flow in Equation (6.6) reveals that the

whole term in front of the brackets is identical to the liquid water conductivity Kl,

Kl(θ) =
Vtotρl
θsat8ηl

·
∫ θ

0

r(θ′)dθ′ [s] (7.10)

=
Vtotρlσ

2
lg

θsat2ηl
·
∫ θ

0

1

pc(θ′)2
dθ′. (7.11)

In the second equation the radius is expressed in terms of the capillary pressure (Eq. (7.4)).

Consequently, the liquid water conductivity can be calculated form the inverse of the moisture

storage function pc(θ). Equation (7.11) is a core element in the material characterisation used

by the transport model of Grunewald [103].

It was recognized early that the combination of Hagen-Poiseuille and the capillary bundle

model overestimates the liquid water conductivity. Therefore, corrections have been proposed

in literature. In order to account for effects like indirection of the flow paths, Burdine [68]

introduced a tortuosity factor θτ in the relative liquid water conductivity,

Kl,rel(θ) = θτ

∫ θ
0

1
pc(θ′)2

dθ′

∫ θsat
0

1
pc(θ′′)2

dθ′′
, Burdine model. [−] (7.12)

Another frequently used approach is given by Mualem [111],

Kl,rel(θ) = θτ

[ ∫ θ
0

1
pc(θ′)2

dθ′

∫ θsat
0

1
pc(θ′′)2

dθ′′

]2
, Mualem model. [−] (7.13)
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To obtain the absolute conductivity, the relative conductivity Kl,rel(θ) have to be scaled by

a reference conductivity value at saturation Ksat. The tortuosity is usually set to τ = 1/2

(Mualem model) or to τ = 2 (Burdine model).

7.2 Material Characterisation by NMR Porosimetry

7.2.1 Liquid Water Conductivity

In the following it is shown how the liquid water conductivity function Kl(θl) of a material is

calculated. In the earlier course of this work, the relationship between T2 distribution f(T2)

and pore structure has already been used. Through Equation 3.38 the T2 distribution becomes

a qualitative image of the pore volume distribution,

T2 = (aχ2)
−1 · r. [s] (7.14)

The structure factor a is dependent on the pore geometry (e.g. cylindrical pores a = 2).

However, the lack of knowledge of the structure factor and the surface relaxivity χ2 is shown

to be irrelevant for the derivation of Kl.

The first step is to calculate the cumulative distribution θl(T2) or the pore volume function,

respectively, from the T2 distribution f(T2). In order to simplify the following calculations,

it is convenient to have an analytical expression for the pore volume function. Therefore, it is

parametrised by Gaussian normal distributions on the logarithmic relaxation time scale [112],

θl(lgT2) =
N∑

i=1

Ai
2

(
1 + erf

(
lgT2 − µi√

2σ2
i

))
[m3/m3] (7.15)

lgT2 = log(T2) = log(r)− log(aχ2). [log(s)]

N describes the modality of the model. Each Gaussian is defined by Ai the partial volume

fraction, µi the peak position and σi the width of the T2 distribution, respectively the slope

in the cumulative distribution. Figure 7.3a and b show the T2 distribution of the screed CA1

and the corresponding cumulative distribution. Additionally, the analytical representation

according to Equation (7.15) is displayed. A modality of N = 5 is used to achieve a good fit.

The underlying T2 distribution from the fit is also compared to the measured one.

To determine the liquid water conductivity, it is followed the same path as described in

Section 7.1, but on the basis of the T2 distribution instead of the measured moisture retention
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7.2 Material Characterisation by NMR Porosimetry

curve. According to Hagen-Poiseuille’s equation, Kl can be calculated by

Kl(θl) =
ρl
8ηl

∫ θl

0

r(θl)
2dθl =

ρl
8η
· 2χ2 ·

∫ θl

0

T2(θl)
2dθl. [s] (7.16)

Substitution of Equation (7.14) shows that the unknown variables χ2 and a are multiplied

to the other constants. The function T2(θl) denotes the inverse of the pore volume function

θl(T2). Since the liquid water conductivity has to be calibrated anyway, only the relative

conductivity is required,

kl =
Kl(θl)

Kl(θeff)
=

1

Kmax
·
∫ θl

0

T2(θl)
2dθl [−] (7.17)

Kmax =

∫ θeff

0

T2(θl)
2dθl. [s]

The relative liquid water conductivity for the screed CA1 is shown in Figure 7.3. It shows

less pronounced features due to the smoothness of the T2 distribution, which is a consequence

of the applied regularisation method. The conductivity is still very high in the hygroscopic

moisture range and drops just when the moisture content reaches zero. This behaviour is

observed for all tested materials. However, the capillary conductivity is expected to collapse

earlier than θl = 0, since in the hygroscopic range the moisture is present as molecular water

layers and not as a continuous water phase. The absence of this behaviour is attributed to the

used material model linking the pore size distribution to the moisture storage function. The

capillary bundle model is based on an application of the Young-Laplace equation (7.4) and

does not include partial saturation [69, 71] and structural effects, e.g. ink bottle effect or air

entrapment. This problem becomes more clear in the next section where the moisture storage

function from NMR data is further discussed. In the original material characterization these

deficits are circumvented by a direct measurement of the moisture storage function instead of

the pore volume distribution. Certainly, a more advanced pore model [72, 111, 113] is able

to improve the calculated conductivity function. However, the calibration procedure changes

the curve so much that it can be proceeded with the simple model.

The jump at θeff is no physical effect but an artefact of the numerical integration of T2(θl).

The very large values close to saturation result in high uncertainties. This behaviour is cor-

rected through linear extrapolation of kl for moisture values 0.8 θeff < θl ≤ θeff. The corrected
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function k′l is written as

k′l =




kl(θl) 0 ≤ θl < 0.8 θeff

m · θl + b 0.8 θeff ≤ θl ≤ θeff,
[−] (7.18)

m =
kl(0.8 θeff)− kl(0.7 θeff)

0.1 θeff

b = kl(0.8 θeff)−m · 0.8 θeff

Since this is a relative function so far, additional calibration steps are necessary. Usually

this is performed on the basis of additional experiments, like wet cup, water uptake and dry-

ing experiment. However, considering the scenario at hand this information is not available.

Instead, it is refrained from a calibration in advance of the simulation, but the material is

calibrated in real time while the screed dries. This procedure is presented in the Section 6.3

Real Time Material Calibration during Drying. The only step at this point is to shift log(kl)

towards a more or less reasonable value to allow a first simulation. Based on the screeds al-

ready present in the DELPHIN database, log(kl(0.8 θeff)) is shifted to a value of−10 log([s]).

The T2 distributions and conductivity functions of all tested materials are summarised in Ap-

pendix E.
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Figure 7.3: Results for the screed CA1. (a) T2 distribution of screed CA1 and the
parametrisation with Gaussian normal distributions; (b) corresponding cumulative dis-
tributions; (c) relative liquid water conductivity according to Hagen-Poiseuille.
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7.2.2 Moisture Retention Curve

Additionally to the transport functions the moisture retention curve θl(pC) with the logarith-

mic capillary pressure pC = log(pc) is required for simulation. From the previous section

the pore volume function respective to the T2 relaxation time θl(lgT2) is known. To get the

corresponding moisture retention curve Equation (7.14) with the Laplace equation can be

used:

lgT2 = −pC + log(2σl cos γ)− log(aχ2) = −pC + C. [log(s)] (7.19)

Like the pore radius, the logarithmic capillary pressure is only known except for an ad-

ditive constant C depending on the surface relaxivity χ2 and the factor a. Unfortunately, C

cannot be determined without additional measurements which allows to adjust the radius axis

of the T2 distribution. A common method for this purpose is mercury intrusion porosimetry

(MIP) [73]. However, it is not entirely clear how meaningful a comparison between both

methods is since NMR is known to measure the pore body while MIP characterises the pore

throats [114–116]. Publications also indicate, that it is possible to reliably extract the surface

relaxivity directly from NMR measurements using advanced pulse sequences [79–81]. How-

ever, this possibility could not be investigated since the necessary pulse sequences could not

be implemented on the NMR measurement system.

Therefore, C is considered as a free parameter in the system which has to be chosen reason-

ably on the basis of other screeds and concretes and which could be adjusted during material

calibration. An initial guess of C is calculated according to

pC(0.5 θeff)
!

= 5.5 logPa (7.20)

Figure 7.4 shows the moisture retention curve of CA1 in dependence of pC and the sorption

isotherm in dependence of the relative humidity for two values of C. The solid curve corre-

sponds to C = 2.9 logPa resulting from Equation (7.20). The dashed line is obtained when

using MIP to calculate the surface relaxivity (see Appendix C) and yields C = 3.7 logPa.

Calibration from MIP results in equilibrium moisture values which are significantly higher

than observed during the drying experiments. This would be unfavourable for the simulation

since the moisture content can never fall below the values given by the sorption isotherm and

the drying curve could not be reproduced. On the other side, Equation (7.20) results in a sorp-

tion isotherm which drops to zero very fast (RH≈ 60 %). How to deal with this uncertainty

in the moisture storage function during material calibration is presented in Chapter 6.3.6.

Overall however, the moisture storage functions generated from the T2 distributions and

pore size distributions, respectively, are not very realistic. One reason is probably that the
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Figure 7.4: (a) Moisture retention curve in dependence of the logarithmic capillary
pressure. (b) Sorption isotherm in dependence of the relative humidity. In both cases,
the x-axis is determined from T2 times via MIP (dashed) and by comparison with other
screeds and concretes of the DELPHIN database (solid).

used pore model does not account for partial saturation and water layers adsorbed at the inner

pore surface. Therefore, it may be more convenient to use a generic moisture storage function

for simulation. For the specific application presented in this work simulations has shown that

both approaches lead to almost similar results.
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Figure 7.5: Generic water vapour conductivity function used for all materials. The
vapour di�usion resistance factor is µd = 25.

7.2.3 Water Vapour Conductivity

The water vapour conductivity function is characterised by a linear function beginning at

its maximum at θl = 0 and decreasing to zero at effective saturation. It is refrained from

using an advanced model such as the serial-parallel model as described in Reference [107,

112]. Hereby, the entire complexity of moisture transport is shifted into the liquid water

conductivity function. This is more convenient since the liquid water conductivity has a

larger variability during calibration due to the number of variation parameters.

As a result Kv(θl) is completely characterised by the vapour diffusion resistant factor

µd =
Kv,air

Kv(0)
. [−] (7.21)

A measurement of µd is not necessary because the parameter is part of the calibration proce-

dure. Therefore, a starting value of µd = 25 is set by default.

7.2.4 Remaining Parameters

To perform a simulation DELPHIN requires some additional parameters besides the transport

functions and the moisture storage function. On the one hand, there are dependent param-

eters which can be directly calculated from Kl, Kv and θ(pC) like effective saturation, the

water vapour resistance factor or the water uptake coefficient. On the other hand, additional,

independent material properties are necessary. This contains the thermal conductivity λ, the

specific heat capacity of the dry material c and the density of the dry material ρdry. Usually,

ρdry is at least approximately known due to the manufacturers specifications. The thermal
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properties, however, are unknown. These quantities are adopted from the DELPHIN mate-

rial Floating Floor Screed1. Alternatively, the approach of Zhao et. al [117] can be used to

generate missing material properties. They have investigated different techniques to cluster

materials according to their parameters and present methods to derive a generic material from

these.

7.3 Summary and Conclusions

In order to get an initial starting point for material calibration, the pore distribution informa-

tion from NMR porosimetry has been utilized. The relative liquid water conductivity function

is calculated after Hagen-Poiseuille directly from the pore volume distribution. This is dif-

ferent from the common calibration process which uses the moisture retention curve. The

T2 distribution, the moisture storage functions and the liquid water conductivity of the tested

materials (CS1, CS2, CA1, CA2) are given in Appendix E.

The advantage of NMR porosimetry is that the distribution can be extracted very fast (min-

utes) compared to the moisture retention curve (several weeks). However, the indeterminacy

of the radius axis which is only given in terms of T2 time remains as a problem. To this end,

either other experiments (e.g. MIP) or an alternative calibration is required. The solution

implemented in this study is presented in Section 6.3.6 Uncertainty of the Moisture Storage

Function. It has been chosen with respect to the application of drying screed and consists of

a systematic underestimation of the storage function.

Additionally, the shortcomings of pore model emerge more clearly. A binary model like the

capillary bundle model only considering saturated or empty pores is obviously not realistic

and lacks of many effects. While the results of the model for the liquid water conductivity

are sufficient since the function is strongly changed during calibration anyway, the moisture

storage function is more problematic. The common approach circumvents these issues by a

direct measurement of the function. So, the effect of partial saturation, air/water entrapment,

different pore sizes and many more is incorporated. Contrary, the moisture storage function

calculated from the pore size distribution can only be seen as a rough approximation.

1FloatingFloorScreed_69.m6
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At the end of this work, the individual partial results are summarised once again and presented

as an overall picture. To this end, we will look again at the theses defined at the beginning

and evaluate to what extent they have been fulfilled:

1. Accurate determination of moisture by NMR relaxation measurements in the case of

very short relaxation times and poor signal to noise ratio

First, it was shown that the conventional method of determining moisture using the initial

amplitude is not reliable under certain circumstances, for example when examining building

materials with very small pores with single-sided NMR. For this reason, a method was de-

veloped which, in addition to the initial amplitude, also incorporates the information of the

relaxation decay. Using the example of different screeds it could be shown that the precision

of the moisture measurement can be considerably improved (approximately by a factor of

five). The limitation resulting from this improvement is that the material-specific relaxation

time distribution has to be known. For determination an additional measurement is needed

which, however, can be carried out with a very small sample and in a short time. Further-

more, the relaxation time distribution provides valuable information which goes beyond the

pure moisture determination. For example, it provides insight on the distribution of moisture

in the pores.

2. Overcome the limited penetration depth of single-sided NMR devices using coupled

heat, air and moisture simulation

This is one of the major weaknesses of single-sided NMR in terms of practical application. In

the application shown here, moisture measurement in screeds, only about half of the sample

thickness can be measured. The approach presented to overcome this limitation is to use the

spatial resolution of NMR and to extrapolate the moisture distribution over the entire depth of

the sample with a hygrothermal simulation model (DELPHIN). The simulation is also used

to achieve the third goal of this work:

3. Prediction of the drying process and drying times in building materials, especially floor

screed

147



8 Summary and Outlook

In order to achieve a simulation with the necessary accuracy, the moisture transport properties

(water vapour conductivity and liquid water conductivity) of the screed are calibrated. The

necessary information is taken from the temporally resolved moisture distribution. It could be

shown on several test specimens that already a short time after the first drying phase ends the

calibration of the material properties is good enough to reproduce the moisture distribution

of the material over the entire depth. At the same time, the moisture content of the samples

is simulated in the future and specific moisture values (e.g. readiness for flooring) can be

predicted with an uncertainty of a few days. The temporal moisture distribution used for

calibration can of course only be determined by continuous monitoring or repeated measure-

ments of the screed. At present, this does not yet correspond to the usual measuring practice,

in which only isolated point measurements are collected. However, due to the advancing

digitalization and networking of sensors and measuring devices, it will become increasingly

easier in the future to obtain continuous data. The method presented here is just one example

of the possible applications that this will open up.

This development is also seen as having the greatest potential for further improvement of

the method. It has been shown that by incorporating additional information (e.g. spatial

distribution of moisture instead of integral moisture content), the stability and accuracy of

calibration have increased considerably. A promising starting point for future work could

therefore be the inclusion of further parameters and measurement methods, such as humidity

measurements.

The last statement,

4. Material characterisation (especially liquid water conductivity) on the basis of NMR

relaxation time distributions

is closely related to the previous points. It has successfully been shown that NMR relaxom-

etry data can be used to derive an initial material for further calibration. However, there are

some problems with the method used. In particular, the generated moisture storage functions

are only partly realistic and offer potential for further improvements. For example, more

complex pore models could be considered instead of the used binary capillary bundle model.

All in all, it has been shown in this work that for moisture determination in screed, NMR

measurement technology and hygrothermal simulation methods can be effectively combined.

Thus, the weak points of the respective method can be overcome and additional added value

is generated for the user.
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List of Symbols

List of Latin symbols

Symbol Description Unit

a, b, c, C fitting parameters and arbitrary constants −−
Awater initial NMR amplitude of water µV

B,B magnetic field strength T

B0 external magnetic field, conventionally z-direction T

cα concentration of phase α kg m−3

d thickness m

dl available measurement depth m

ds sample thickness m

D Diffusion coefficient m2 s−1

Dv water vapour diffusion coefficient m2 s−1

ex, ey, ey canonical unit vectors −−
f(·) distribution function −−
gk earth’s gravitational acceleration in direction k m s−2

h enthalpy J kg−1

I spin quantum number (Eq. (3.1)) −−
J, I, Iz angular momentum kg m2 s−1

jmαk,diff diffusive mass flux in direction k of phase α kg m−2 s−1

jQk,diff heat flux in direction k J m−2 s−1

Kl liquid water conductivity s

kl relative liquid water conductivity −−
Kv water vapour conductivity s

m mass kg

m magnetic quantum number (Eq. (3.2)) −−
m,M,µ magnetic moment and magnetisation respectively A m2

MSE mean squared error −−
N number −−
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Symbol Description Unit

pα partial pressure of phase α Pa

pc capillary pressure Pa

pC logarithmic capillary pressure pC = log(−pc) log(Pa)

r radius m

r position vector m

R gas constant J/kg/K

Rv specific gas constant of water vapour J/kg/K

RDC reduced drying curve m3/m3

S surface m2

T temperature K

t, τ time s

tdead delay between excitation and acquisition in NMR s

te CPMG echo time s

T1, T2 longitudinal (transversal) relaxation time s

U electrical voltage V

uα specific internal energy of phase α (Eq. (6.5)) J kg−1

V volume m3

Vα partial volume of phase α m3

VREV representative unit volume m3

V (·) pore volume distribution m2

v
mg
k mass velocity of gaseous phase in direction k m s−1

vmlk mass velocity of liquid phase in direction k m s−1
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List of Greek symbols

Symbol Description Unit

α1, α2 fitting parameters concerning the liquid water conductivity −−
β water vapor exchange coefficient s m−1

εr relative permittivity F m−1

ηl dynamic viscosity of liquid phase Pa s

γ scaling parameter of the water vapour conductivity −−
γ gyromagnetic ratio MHz T−1

γ contact angle (Eq. (7.4)) rad

~ reduced Planck constant J s

kB Boltzmann constant J K−1

λ regularisation parameter −−
λ thermal conductivity (Eq. (6.9)) J s−1 m−1 K−1

µd water vapour resistance factor −−
ω,ω,Ω angular velocity rad s−1

ωL Lamor frequency rad s−1

π pi rad

φ relative humidity −−
ρα mass density of phase α kg m−3

ρ0 spin density m−3

σ variance, rms noise −−
σml+v moisture source sink (Eq. (6.3)) kg m−3 s−1

σQu energy source/sink (Eq. (6.5)) J m−3 s−1

σlg surface tension N m−1

θ volume fraction of moisture content m3/m3

θα volume fraction of phase α m3/m3

θeff effective saturation moisture content m3/m3

θsat saturation moisture content m3/m3

Θ limit moisture content M−%

ξ parameter vector ξ = (α1, α2, β, γ) −−
χ1, χ2 surface relaxivity m s−1
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8 Summary and Outlook

List of indices

Symbol Description

a dry air

α phase index

av average

bulk property in bulk

diff diffusion contribution

ext contribution from external source

g gaseous phase

k spatial direction index (x, y, z)

l liquid phase

m material matrix (solid phase)

sat property at saturation

sc contribution from surface

v water vapour phase

x, y, z spatial directions

⊥ component in x, y-plain
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A DELPHIN Project File used for

Minimization

Below the project file (.dpj) which is used as basis for the fitting procedure is shown. During

the optimization only the material parameters Kl, Kv and related parameters are changed.

Additionally the water vapour exchange coefficient is adjusted. The version of the DELPHIN

solver was 6.0.
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<?xml version="1.0" encoding="UTF-8" ?> 

<DelphinProject> 

 <ProjectInfo created="Today" lastEdited="Sa Nov 10 11:23:22 2018"> 

  <Comment /> 

 </ProjectInfo> 

 

 <!--~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~--> 

 

 <!--Model data, solver settings, general parameters--> 

 <Init> 

  <SimulationParameter> 

   <BalanceEquationModule>BEHeatMoisture</BalanceEquationModule> 

   <Interval> 

    <IBK:Parameter name="Duration" unit="d">50</IBK:Parameter> 

   </Interval> 

   <StartYear>2000</StartYear> 

   <IBK:Flag name="UseBouyancyLiquid">true</IBK:Flag> 

   <DefaultInitialCondition name="DefaultRelativeHumidity" 

unit="%">80</DefaultInitialCondition> 

  </SimulationParameter> 

 </Init> 

 

 <!--~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~--> 

 

 <!--List of all materials used in this construction--> 

 <Materials> 

  <MaterialReference name="Screed" color="#ffff1010">${Project 

Directory}/mat.m6</MaterialReference> 

 </Materials> 

 

 <!--~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~--> 

 

 <!--Discretization data (grid and sketches)--> 

 <Discretization> 

  <XSteps unit="m">1 </XSteps> 

  <YSteps unit="mm">2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 </YSteps> 

 </Discretization> 

 

 <!--~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~--> 

 

 <!--Conditions data, specifies how construction interacts with environment--> 

 <Conditions> 

 

  <Interfaces> 

   <Interface name="Surface" type="Detailed"> 

    <BCReference>Heat conduction</BCReference> 

    <BCReference>VapourDiffusion</BCReference> 

   </Interface> 

  </Interfaces> 

 

  <ClimateConditions> 

 

   <ClimateCondition name="Temp" type="Temperature" kind="Constant"> 

    <IBK:Parameter name="ConstantValue" unit="C">20</IBK:Parameter> 

   </ClimateCondition> 

 

   <ClimateCondition name="RH" type="RelativeHumidity" kind="Constant"> 

    <IBK:Parameter name="ConstantValue" unit="%">30</IBK:Parameter> 

   </ClimateCondition> 

  </ClimateConditions> 

 

  <BoundaryConditions> 

 

   <BoundaryCondition name="Heat conduction" type="HeatConduction" kind="Exchange"> 

    <IBK:Parameter name="ExchangeCoefficient" unit="W/m2K">8</IBK:Parameter> 

    <CCReference type="Temperature">Temp</CCReference> 

   </BoundaryCondition> 

 

   <BoundaryCondition name="VapourDiffusion" type="VaporDiffusion" kind="Exchange"> 

    <IBK:Parameter name="ExchangeCoefficient" 

unit="s/m">2.01e-08</IBK:Parameter> 



    <IBK:Parameter name="SDValue" unit="m">0</IBK:Parameter> 

    <CCReference type="Temperature">Temp</CCReference> 

    <CCReference type="RelativeHumidity">RH</CCReference> 

   </BoundaryCondition> 

  </BoundaryConditions> 

 

  <InitialConditions> 

 

   <InitialCondition name="Init Temp" type="Temperature"> 

    <IBK:Parameter name="Value" unit="C">20</IBK:Parameter> 

   </InitialCondition> 

 

   <InitialCondition name="Start water content" type="MoistureMass"> 

    <IBK:Parameter name="Value" unit="kg/m3">185.4</IBK:Parameter> 

   </InitialCondition> 

  </InitialConditions> 

 </Conditions> 

 

 <!--~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~--> 

 

 <!--Contains definitions of output files and schedules for outputs.--> 

 <Outputs> 

  <!--General parameters--> 

  <IBK:Unit name="TimeUnit">d</IBK:Unit> 

  <IBK:Flag name="BinaryFormat">false</IBK:Flag> 

  <!--List of all Output schedules--> 

  <OutputGrids> 

   <OutputGrid name="time grid"> 

    <Interval> 

     <IBK:Parameter name="Duration" unit="d">0</IBK:Parameter> 

     <IBK:Parameter name="StepSize" unit="d">1</IBK:Parameter> 

    </Interval> 

   </OutputGrid> 

  </OutputGrids> 

  <!--List of all Output files--> 

  <OutputFiles> 

   <OutputFile name="liqu_mass_mean"> 

    <Quantity unit="kg/kg">MoistureMassByMass</Quantity> 

    <TimeType>None</TimeType> 

    <SpaceType>Mean</SpaceType> 

    <OutputGrid>time grid</OutputGrid> 

   </OutputFile> 

   <OutputFile name="liqu_mass_mean_2"> 

    <Quantity unit="kg/kg">MoistureMassByMass</Quantity> 

    <TimeType>None</TimeType> 

    <SpaceType>Mean</SpaceType> 

    <OutputGrid>time grid</OutputGrid> 

   </OutputFile> 

  </OutputFiles> 

 </Outputs> 

 

 <!--~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~--> 

 

 <!--List of all assignments of materials and conditions--> 

 <Assignments> 

 

  <Assignment type="Material" location="Element"> 

   <Reference>Floating Floor Screed (mod)</Reference> 

   <Range>0 0 0 19</Range> 

  </Assignment> 

 

  <Assignment type="Interface" location="Top"> 

   <Reference>Surface</Reference> 

   <Range>0 19 0 19</Range> 

  </Assignment> 

 

  <Assignment type="InitialCondition" location="Element"> 

   <Reference>Init Temp</Reference> 

   <Range>0 0 0 19</Range> 

  </Assignment> 

 



  <Assignment type="InitialCondition" location="Element"> 

   <Reference>Start water content</Reference> 

   <Range>0 0 0 19</Range> 

  </Assignment> 

 

  <Assignment type="Output" location="Element"> 

   <Reference>liqu_mass_mean</Reference> 

   <Range>0 10 0 19</Range> 

  </Assignment> 

 

  <Assignment type="Output" location="Element"> 

   <Reference>liqu_mass_mean_2</Reference> 

   <Range>0 15 0 19</Range> 

  </Assignment> 

 </Assignments> 

 

 <!--~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~--> 

 

</DelphinProject> 

 



B Hydration Correction

As described in Section 5.6. An empirical approach has been used to correct the overestima-

tion of the NMR moisture content compared to the gravimetric moisture content. Therefore,

the deviation between both values have been fitted with an exponential function,

h(t) = a · e−b·t. (B.1)

Figure B.1 shows the results for the different materials CS2 and CA1. The difference is

shown relative to the reference moisture content. The fitting parameters are given in Table

B.1. The calcium sulphate screed CA2 does not show a deviation after the curing period of

three days. Therefore, no correction is needed.

Table B.1: Fitting parameters of the hydration correction

Material ID a b

CS1 37.92 0.32
CS2 73.8 2.51
CA1 57.68 0.21
CA2 - -

Figure B.1: Di�erence between the moisture content calculated from NMR and the
moisture content from oven drying for fresh samples of CS1 and CA2. As long as
hydration is active, NMR overestimates the moisture content.
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C Mercury Intrusion Porosimetry vs

NMR Porosimetry

Mercury intrusion porosimetry is a common method to characterise the pore space of build-

ing materials. It provides information about the pore size distribution and the pore volume

distribution, respectively. The technique is based on the intrusion of mercury into a sample

under controlled pressurisation. The pressure needed for mercury to intrude a cylindrical pore

of radius r is given by the Washburn equation,

pc = −2σlg · cos(γ)

r
(C.1)

with the surface tension σlg and the contact angle γ. The measurement variables are the

pressure p and the mercury volume which has entered the sample. Since the intrusion is

dependent on the pore throat a deviation of the pores from the cylindrical geometry can lead

to major differences between the analysis and reality. This also has to be kept in mind when

comparing the results with other techniques like NMR.

Often MIP is used to calibrate the radius axis of NMR relaxation time distributions and

determine the surface relaxivity. The relation connecting radius and T2 time is

T2 = (aχ2)
−1 · r (C.2)

with the pore geometry factor a. In case of cylindrical pores the factor is a = 2. In order

to adjust the radius axis of the T2 distribution the surface relaxivity is adjusted so that the

MIP and NMR curve have maximum coincidence. The results for the different materials are

shown in the Figures C.1 and C.2 . The corresponding values for the surface relaxivity are

ρCA1 = 11 µm s−1, ρCA2 = 25 µm s−1, ρCS1 = 60 µm s−1 and ρCS2 = 60 µm s−1 . The calcium

sulphate screeds have a bimodal distribution while the MIP results only show one peak. Due

to the discussion in Section 5.4.2 the first peak belongs to the crystal water and, therefore, is

not present in MIP.
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Figure C.1: NMR and MIP results for (a) CA1 and (b) CA2.
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Figure C.2: NMR and MIP results for (c) CS1 and (d) CS2.
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D Error Estimation of Predicted

Drying Curves

In order to visualize the effect of the uncertainty of the fitting parameters on the simulated

drying curve following procedure is used. First of all, the probability distribution of the least

squares estimator of the parameter vector ξ̂ is calculated according to the theory of (non-)

linear regression [118]. In the linear case, the estimator ξ̂ is normally distributed according

to N (ξ, σ2 · (ATA)−1) with the realisation ξ and the covariance matrix σ2 · (ATA)−1. For

non-linear regression, the design matrix A is approximated by the partial derivatives of the

fitting model f(t, ξ) according to

Ai,j =

(
∂f(ti)

∂ξj

)

ξ

(D.1)

The error variance is estimated by

σ2 =
Σ(yi − f(ti, ξ))

N − s (D.2)

where N denotes the number of data points and s the number of fitting parameters.

In the proposed method the fitting parameters are used to simulate a target quantity (drying

curve). To transfer the uncertainty from ξ to the drying curve a Monte Carlo sampling is

used. Therefore, different parameter sets ξ are randomly generated according to N (ξ, σ2 ·
(ATA)−1). Then, sets which are outside of the error ellipsoid with a confidence level of α

are discarded. The error ellipsoid to the level α describes the equipotential (hyper-)surface

confining the probability α. Figure D.1 shows a 2-dimensional example of the sampling

procedure with α = 0.7, 0.9. The random numbers within the ellipse (blue) are accepted

while random numbers outside (red) are rejected. Subsequently, the family of drying curves

corresponding to the accepted parameter sets is simulated. The envelope of the curves is a

measure for the uncertainty of the predicted drying curve.
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Figure D.1: 2-dimensional example of the sampling process for (a) α = 0.7 and (b)
α = 0.9. The surface of the ellipse contains the probability α. Blue points are accepted
while red points are rejected.
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E Initial Materials

Material functions generated according to Chapter 7. Each figure shows the T2 distribution

which is the starting point for the characterisation, the moisture retention characteristic, the

sorption isotherm and the liquid water conductivity function. These functions have been used

as initial material guess for the proposed calibration procedure in Chapter 6.

Figure E.1: Material function CA1 (a) T2 distribution, (b) moisture retention curve,
(c) sorption isotherm, (d) relative liquid water conductivity.
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Figure E.2: Material function CA2 (a) T2 distribution, (b) moisture retention curve,
(c) sorption isotherm, (d) relative liquid water conductivity.
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Figure E.3: Material function CS1 (a) T2 distribution, (b) moisture retention curve,
(c) sorption isotherm, (d) relative liquid water conductivity.
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Figure E.4: Material function CS2 (a) T2 distribution, (b) moisture retention curve,
(c) sorption isotherm, (d) relative liquid water conductivity.
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