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Abstract

In the event of moisture deterioration, rapid detection and localization is particularly
important to prevent further deterioration and costs. For building floors, the layered
structure poses a challenging obstacle for most moisture measurement methods. But
especially here, layer-specific information on the depth of the water is crucial for efficient
and effective repairs. Ground Penetrating Radar (GPR) shows the potential to generate
such depth information. Therefore, the present work investigates the suitability of GPR
in combination with machine learning methods for the automated classification of the
typical deterioration cases (i) dry, (ii) wet insulation, and (iii) wet screed.
First, a literature review was conducted to identify the most common methods for de-
tecting moisture in building materials using GPR. Here, it especially became clear that
all publications only investigated individual time-, amplitude- or frequency features se-
parately, without combining them. This was seen as a potential aspect for innovation,
as the multivariate application of several signal features can help to overcome individual
weaknesses and limitations.
Preliminary investigations carried out on drying screed samples confirmed the profitable
use of multivariate evaluations. In addition to the general suitability and dependencies
of various features, first limitations due to possible interference between the direct wave
and the reflection wave could be identified. This is particularly evident with thin or dry
materials, for which the two-way travel times of the reflected radar signals become shor-
ter.
An extensive laboratory experiment was carried out, for which a modular test specimen
was designed to enable the variation of the material type and thickness of screed and in-
sulation, as well as the simulation of moisture deteriorations. The data collected revealed
clear differences between dry and deteriored structures within measured B-scans. These
deviations were to be detected with the newly introduced B-scan features, which evaluate
the statistical deviation of A-scan features within a survey line. In this way, deteriorations
to unknown floor structures are recognized, regardless of the material parameters present.
In a subsequent training and cross-validation process of different classifiers, accuracies of
over 88 % of the 504 recorded measurements (252 different experimental setups) were
achieved. For that, the combination of amplitude and frequency features, which covered
all relevant reflections of the radar signals, was particularly beneficial. Furthermore, the
data set showed only small differences between dry floors and deteriored screeds for the
B-scan features, which could be attributed to a homogeneous distribution of the added
water in the screeds. The successfully separation of these similar feature distributions
raised the suspicion of overfitting, which was examined in more detail by means of a
validation with on-site data.
For this purpose, investigations were carried out at five different locations in Germany,
using the identical measurement method like in the laboratory. By extracting drilling
cores, it was possible to determine the deterioration case for each measurement point and
thus generate a corresponding reference. However, numerous data had to be sorted out
before classification, since disturbances due to underfloor heating, screed reinforcements,
steel beams or missing insulation prevented comparability with the laboratory experi-
ments. Validation of the remaining data (72 B-scans) achieved only low accuracy with
53 % correctly classified deterioration cases. Here, the previously suspected overfitting of
the small decision boundary between dry setups and deteriored screeds within the labo-
ratory proved to be a problem. The generally larger deviations within (also dry) on-site



B-scans were thus frequently misclassified as screed deterioration. In addition, there were
sometimes strongly varying layer thicknesses or changing cases of deterioration within a
survey line, which caused additional errors due to the local limitation of the drilling core
reference. Nevertheless, individual on-site examples also showed the promising potential
of the applied signal features and the GPR method in general, which partly allowed a
profound interpretation of the measurements. However, this interpretation still requires
the experience of trained personnel and could not be automated using machine learning
with the available database. Nevertheless, such experience and knowledge can be enriched
by the findings of this work, which provide the basis for further research.
Future work should aim at building an open GPR data base of on-site moisture mea-
surements on floors to provide a meaningful basis for applying machine learning. Here,
referencing is a crucial point, whose limitations with respect to the moisture present and
its distribution can easily reduce the potential of such efforts. The combination of se-
veral reference methods might help to overcome such limitations. Similarly, a focus on
monitoring approaches can also help to reduce numerous unknown variables in moisture
measurements and increase confidence in the detection of different deterioration cases.



Kurzfassung

Bei Feuchteschäden ist eine schnelle Erkennung und Lokalisierung von besonderer Be-
deutung, um das Ausmaß und zusätzliche Kosten einzugrenzen. In dem speziellen Fall
von Fußböden stellt der geschichtete Aufbau für die meisten Feuchtemessverfahren ein
unüberwindbares Hindernis dar. Allerdings sind besonders hier genaue schichtspezifische
Informationen über die Wassertiefe entscheidend, um eine effiziente und effektive In-
standsetzung vornehmen zu können. Ground Penetrating Radar (GPR) hat das Poten-
zial, solche Tiefeninformationen zu generieren. Die vorliegenden Arbeit untersucht daher
die Eignung von GPR in Kombination mit Methoden des maschinellen Lernens für die
automatisierte Klassifizierung der typischen Schadensfälle (i) trocken, (ii) geschädigte
Dämmung, und (iii) geschädigter Estrich.
In einer Literaturrecherche wurden zunächst die gängigsten Methoden zur Detektion
von Feuchtigkeit in Baumaterialien mittels GPR erarbeitet. Dabei wurde insbesondere
deutlich, dass alle Veröffentlichungen entsprechende Zeit-, Amplituden- oder Frequenz-
merkmale separat untersuchten, ohne diese zu kombinieren. Hierin wird eine Innovati-
onsmöglichkeit gesehen, da die multivariate Anwendung mehrerer Signalmerkmale dabei
helfen kann, die Schwächen und Einschränkungen einzelner Merkmale zu überwinden.
Voruntersuchungen an trocknenden Estrichproben bestätigten den gewinnbringenden Nut-
zen einer solchen multivariaten Datenauswertung. Neben der generellen Eignung und den
Abhängigkeiten verschiedener Merkmale konnten erste Einschränkungen durch mögliche
Interferenzen zwischen der direkten Welle und der Reflexionswelle identifiziert werden.
Dies zeigt sich insbesondere bei dünnen oder trockenen Materialien, bei denen sich die
Laufzeiten der reflektierten Radarsignale verkürzen.
Es folgten umfangreiche Laboruntersuchungen an einem eigens entworfenen modularer
Probekörper, welcher die Variation der Materialart und -dicke von Estrich und Dämmung
sowie die Simulation von Feuchtigkeitsschäden ermöglicht. Die gesammelten Daten zeig-
ten innerhalb der gemessenen B-Scans deutliche Unterschiede zwischen trockenen und
geschädigten Aufbauten. Diese Unterschiede sollten mit den neu eingeführten B-Scan
Merkmalen erkannt werden, welche die statistische Abweichung von A-Scan Merkmalen
innerhalb einer Messlinie auswerten. Dies erlaubt die Erkennung von Schäden an un-
bekannten Bodenstrukturen und somit unabhängig von den vorhandenen Materialpara-
metern. In einem anschließenden Trainings- und Kreuzvalidierungsprozess verschiedener
Klassifikatoren wurden Genauigkeiten von über 88 % bei 504 aufgenommenen B-Scans
(252 verschiedene Versuchsaufbauten) erreicht. Besonders vorteilhaft war dabei die Kom-
bination von Amplituden- und Frequenzmerkmalen, welche alle relevanten Reflexionen
innerhalb der Radarsignale erfasste. Darüber hinaus zeigten sich innerhalb des Daten-
satzes nur geringe Unterschiede zwischen trockenen Fußböden und geschädigten Estri-
chen, was auf eine homogene Verteilung des zugeführten Wassers innerhalb der Estriche
zurückgeführt werden konnte. Die dennoch erfolgreiche Trennung dieser ähnlichen Merk-
malsverteilungen ließ den Verdacht einer Überanpassung aufkommen, was durch eine
Validierung mit Praxisdaten näher untersucht werden sollte.
Zu diesem Zweck erfolgten Untersuchungen an fünf verschiedenen Standorten in Deutsch-
land, wobei die Messmethode identisch zum Labor verblieb. Entnommene Bohrkernen
ermöglichten für jeden Messpunkt eine Bestimmung des Schadenfalls und lieferten so ei-
ne entsprechende Referenz. Vor der Klassifizierung mussten bereits zahlreiche Daten aus-
sortiert werden, da Störungen durch Fußbodenheizung, Estrichbewehrung, Stahlträger
oder fehlende Dämmung eine Vergleichbarkeit mit den Laborversuchen verhinderten.



Die Validierung der verbleibenden Daten (72 B-Scans) ergab mit 53 % korrekt klas-
sifizierten Schadensfällen erheblich geringere Genauigkeiten. Hier erwies sich die zuvor
vermutete Überanpassung der Entscheidungsgrenze zwischen trockenen Aufbauten und
beschädigten Estrichen innerhalb des Labors als tatsächliches Problem. Die in der Regel
größeren Abweichungen für (auch trockene) B-Scans aus der Praxis wurden daher häufig
als Estrichschäden fehlinterpretiert. Hinzu kamen teilweise stark variierende Schichtdicken
oder wechselnde Schadensfälle innerhalb einer Messlinie, die aufgrund der lokalen Be-
grenzung der Bohrkernreferenz zusätzliche Fehler verursachten. Dennoch zeigten einzelne
Beispiele vor Ort auch das vielversprechende Potenzial der angewandten Signalmerkmale
und von GPR im Allgemeinen, was teilweise fundierte Interpretationen ermöglichte. Diese
Interpretationen erfordern jedoch nach wie vor die Erfahrung von geschultem Personal
und konnten mit der vorhandenen Datenbasis nicht durch maschinelles Lernen automati-
siert werden. Dennoch können solche Erfahrungen und Kenntnisse durch die Ergebnisse
dieser Studie erweitert werden, was die Grundlage für weitere Forschung bildet.
Zukünftige Arbeiten sollten darauf abzielen eine offene GPR Datenbank mit praxisbezo-
genen Feuchtemessungen an Fußböden aufzubauen, um eine aussagekräftige Grundlage
für die Anwendung von maschinellem Lernen zu schaffen. Hier ist die Referenzierung ein
entscheidender Punkt, dessen Einschränkungen in Bezug auf die vorhandene Feuchtig-
keit und ihrer Verteilung das Potenzial solcher Bemühungen erheblich verringern können.
Die Kombination mehrerer Referenzmethoden könnte helfen, solche Einschränkungen zu
überwinden. In ähnlicher Weise kann eine Konzentration auf Ansätze des Monitorings
dazu beitragen, die zahlreichen unbekannten Variablen bei Feuchtemessungen zu redu-
zieren und so für eine höhere Sicherheit bei der Erkennung verschiedener Schadensfälle
sorgen.
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1. Motivation

”Water is sometimes sharp and sometimes strong, sometimes
acid and sometimes bitter, sometimes sweet and sometimes
thick or thin, sometimes it is seen bringing hurt or pesti-
lence, sometime health-giving, sometimes poisonous. It suf-
fers change into as many natures as are the different places
through which it passes. [...] Sometimes it starts a confla-
gration, sometimes it extinguishes one; is warm and is cold,
carries away or sets down, hollows out or builds up, tears
or establishes, fills or empties, raises itself or burrows down,
speeds or is still; is the cause at times of life or death, or
increase or privation, nourishes at times and at others does
the contrary; at times has a tang, at times is without savor,
sometimes submerging the valleys with great floods. In time
and with water, everything changes.”

Leonardo da Vinci, * 1452 - † 1519

For mankind, water has always been both a source of life and danger, offering a
particularly ambivalent fascination. Consequently, it does not seem surprising that our
building materials are also exposed to this special relationship. While a large amount of
water is necessary or even indispensable for their production [1], unwanted contact with
the liquid often poses a risk of deterioration. Degradations like mould [2], corrosion [3],
the migration of chloride ions [1], alkali-silica reaction [4], frost-thaw cycle, micro cracking
[5], spalling, salt efflorescence [6], etc. are promoted by an increased material moisture.
The consequences are not only health-related, such as an increased risk of lung diseases
like asthma due to mold [7, 8], but also cause immense repair costs. Statistics from the
Insurance Information Institute show that one in 60 insured buildings in the U.S. has a
water damage each year [9]. This corresponds to estimated annual costs of 16.3 billion
USD [10, 11]. Between 2000 and 2020, the annual costs of pipe water damage in Germany
increased by 165 % to the latest amount of 3.3 billion Euro [12]. Thus, pipe water causes
greater financial damage than the sum of natural hazards, severe weather and fire damage
combined. Unlike the latter causes of damage, which are usually associated with a clear
event, the extent of pipe water damage often remains partially or completely undetected,
which further increases the damage and costs. It is therefore clear that in the event of
damage, determining and localizing the moisture and its cause is an important first step
in estimating and efficiently carrying out the necessary renovation.
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There are numerous methods for measuring moisture in building materials, which can
basically be divided into destructive and non-destructive procedures [13]. In the determi-
nation of moisture, the destructive methods aim at an actual separation of water and the
building material, while the non-destructive methods observe changes in physical materi-
al properties. The most commonly used destructive method is Darr drying [14]. For this
purpose, samples are taken destructively and stored in a drying oven for several days,
whereby the weight loss that occurs allows the moisture content to be determined. The
procedure is simple and accurate, however time consuming and costly. A faster and also
direct approach is the calcium-carbide method (CCM) [15]. Here, small sample sizes of 3 g
to 100 g are crushed together with calcium carbide in a shaker. The calcium carbide reacts
with the containing water, resulting in a measurable pressure increase inside the shaker
that can be directly related to the moisture content. For both destructive methods, the
relatively small sample size only allows spatially limited, however quantitatively accurate
statements about present water, which is why it is often used to reference non-destructive
measurements.
Non-destructive measurement methods offer a much larger number of possible techniques.
The possibilities range from electric (resistive [16, 17], capacitive [18, 19, 20]) over ra-
diometric [21, 22], hygrometric [23], and chemical [24], to thermal methods [25], whereby
their suitability highly depends on the individual problem.
A quite special case is the investigation of building floors, as they have a layered structure
and are therefore particularly difficult to measure in their entirety. In addition, there is
a wide range of possible material types and their thicknesses, which makes each floor
construction a very individual case. Most of the common non-destructive moisture mea-
surement methods are not suitable for a comprehensive investigation of building floors.
They often provide only moisture information on superficial areas or are hindered by the
layered structure. In addition, floor constructions often contain a floor covering above
screed and insulation, which can affect the validity of the applied method. Especially the
moisture state of the insulation, which lies deepest, is unrecognized by most methods
and presents a particular challenge when performing moisture investigations on building
floors.
Neutron probes are a suitable exception, since they can reach penetration depths of al-
most 30 cm, regardless of the layered structure. With these probes it is possible to get an
overview of the total amount of water in a defined floor area, however liquid water cannot
be distinguished from chemically bound water. This is due to the physical principle in
which so-called ’fast’ neutrons with high kinetic energy are irradiated into the medium
under investigation. These neutrons interact with the atoms of the matter, causing scat-
tering, diffusion and, above all, deceleration [26]. While heavy atoms essentially cause a
change in direction of the neutrons, the collision with hydrogen atoms, i.e. those with the
lowest atomic mass, results in the greatest possible energy loss [27]. According to [28],
already 18 collisions with hydrogen atoms are sufficient to convert a fast neutron into
a slow, thermal neutron. The number of these thermal neutrons is recorded by counter
tubes installed in the neutron probe and thus allows conclusions to be drawn about the
quantity of hydrogen atoms present in the measurement volume. Therefore, an appro-
priate calibration of the measured values is required for the quantitative determination of
the mass moisture, which can be carried out by the destructive removal of drilling cores
and a subsequent gravimetric investigation. Further, the taken cores offer so far the only
possibility for a vertical localization of the moisture deterioration in layered floor struc-
tures, since the integral measurement method of the neutron probe does not allow depth

4



Tim Klewe Introduction Doctoral Thesis

information. In addition, the sensitivity to water also decreases with increasing distance
from the radiation source, which further hinders the detection of insulation deterioration.
With its strong sensitivity to water, Ground Penetrating Radar (GPR) is the most pro-
mising non-destructive method for obtaining the valuable depth information needed to
fully assess moisture deterioration in building floors. Not only, but also for moisture
measurements, it has long been an established method in geophysics [29, 30], whereas
its application in civil engineering is increasing [31, 32]. The literature therefore alrea-
dy contains numerous processing methods that allow conclusions to be drawn about the
moisture content of the medium under investigation, such as asphalt [33, 34], concrete
[35, 36, 37], brick [38], or screed [39]. Distinctive features can be found in the time as
well as in the frequency domain of the measured data, whereby users often only apply
a single feature for moisture determination. This results in greater uncertainties, since
other influencing factors, such as the reflector depth or the underlying permittivity, are
usually unknown, but have a major impact on the evaluation. Possible misinterpretations
could be reduced by combining several signal features with the use of multivariate data
analysis and machine learning. The thus potential advances may enable reliable infor-
mation about the extent of deterioration and the exact depth of moisture in building
floors. Combined with the ability to quickly measure large areas, it would make GPR the
primary approach for floor deterioration assessment to significantly save renovation costs.
With the above-mentioned costs of 3.3 billion euros per year, the potential in Germany
alone is enormous. A reduction of just 3 % would mean savings of 100 million Euro per
year, which can have a direct impact on insurance premiums for buildings.

1.1 Project Idea and Research Questions

Due to of the aforementioned advantages when applied to layered structures, neutron
probes are a suitable means to asses moisture deteriorations in building floors. Therefore,
the engineering office ’Ingenieurbüro Tobias Ritzer GmbH’, the industrial partner of the
project, has been using this methodology for more than 2 decades. Their experience has
shown that in the case of pipe water damage, floors are mainly affected, as they either
include the broken pipe system in the insulation or are flooded from above. This results
in two primary types of deterioration: wet insulation or wet screed. Moisture barriers
in the form of polyethylene foils usually prevent the exchange of water between the two
layers. However, in the rare case of poor functionality, both layers can be deteriored
simultaneously. Knowledge of the presence and distribution of these different cases is of
great importance in order to carry out an efficient and effective repair.
The idea of the project is to supplement the neutron probe with GPR to generate the
missing depth information for moisture deteriorations in building floors. In this context,
methods are developed that allow a valid classification of the two commonly occurring
deterioration cases, wet insulation and wet screed. This additional valuable information
is expected to reduce the need for destructive drilling cores or replace them completely.
Figure 1.1 shows the conceptual plan, where a detailed data acquisition in the laboratory
is to take place at the beginning. The collected data is then used to study and assess
distinctive signal features that allow the differentiation and classification of common
deterioration cases. In particular, methods of multivariate data analysis and machine
learning shall be tested to achieve this goal.
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Figure 1.1: Project plan to classify the two common damage cases on building floors
(wet insulation and wet screed) by extracting and combining distinctive signal features
of GPR.

The application of machine learning for non-destructive testing in civil engineering (NDT-
CE) offers both great potential and possible pitfalls. On the one hand, it can accelerate
the investigation and evaluation of large areas with a wide variety of deterioration con-
ditions, that usually require both, an extensive analysis by trained personnel, and the
calibration on destructively extracted drilling cores. Further, machine learning offers the
possibility to provide further insights into the data structure and into yet unknown relati-
onships within NDT-CE. One the other hand, the successful use of these new techniques
requires a profound and diverse training database. Compared to popular and successful
examples in computer vision applications such as autonomous driving or facial recogniti-
on, the availability of labeled nondestructive testing (NDT) data is often limited in civil
engineering. Compared to other materials like metals or polymers, building materials are
more heterogeneous and may differ a lot from each other. This implies the risk of an
insufficient representation of the space of possibility [40]. Unfortunately, referencing trai-
ning data for machine learning is not always straightforward for NDT-CE. Therefore, the
project approaches these problems and questions by producing referenced training data
within laboratory conditions. The developed methods are then applied to classify new,
also referenced on-site measurements on real deterioration cases.
From the foregoing, two research questions arise for this thesis:

Primary research question

• To what extent is the GPR method suitable for the valid classification of commonly
occurring moisture deterioration cases in building floors?

In order to answer this question, possibilities and limits of the method are to be worked
out by means of a profound experimental program in the laboratory and on-site, followed
by a meaningful data evaluation. In the process, all measurements are also performed
with the neutron probe for comparison.

Secondary research question

• What are the opportunities and problems in applying machine learning on a prac-
tical example within NDT-CE?

For the evaluation, training data generated in the laboratory are used to classify new,
referenced on-site deterioration cases. The validation should thus allow a statistical eva-
luation of the achieved accuracy.
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1.2 Thesis Structure

The research questions posed are investigated and discussed in the form of a cumulative
dissertation. Therefore, both, corresponding publications and additional chapters are in-
cluded in this thesis. A clear distinction is made by the section’s numbering. While the
published works are marked by alphabetic numerals, the additional sections carry Arabic
numerals. The incrementing is done independently for both types.
After the motivation and the formulation of the resulting research questions in the pre-
vious sections, the remaining part of the introduction will be dedicated to the theoretical
basics and the current state of the art of GPR. This will be given in the form of the
first publication A - a review paper. This paper provides a comprehensive overview of
the application of GPR for moisture measurement on building materials, with particular
reference to the signal features used for this purpose. It provides a basis for the subse-
quent preliminary investigations, which will be introduced in chapter 2. Here, both the
production of the relevant test specimens and the subsequent first studies are presented,
which provide initial insights into the properties of various GPR signal features from the
literature. The results obtained had a direct impact on the following main part of the
thesis, which is presented by the publications B and C. The former publication deals
with the extensive laboratory investigations and the resulting method development for
the classification of various moisture deterioration cases on floor constructions with un-
known material parameters like type and thickness. This method will then be applied
on new on-site measurement, which is covered by the latter publication. The synthesis
of all the collected findings then follows in section 3, where a comprehensive discussion
of all collected findings and their critical review is conducted. In closing, an outlook for
possible future works is provided.

The terms ’damage’ and ’deterioration’

In the following thesis the term ’damage’ may be used as a synonym for ’deterioration’.
Neither term is uniformly defined in the literature and does not indicate the conditions
needed (e.g. moisture content) to evaluate a floor structure as damaged or deteriorated.
However, a definition within this thesis is given for insulation and screed in the sections
B.2.2 and B.2.3, respectively, and critically discussed in section 3.4.1.
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A. Review of Moisture
Measurements in Civil Engineering
with Ground Penetrating Radar -
Applied Methods and Signal
Features

Abstract

When applying Ground Penetrating Radar (GPR) to assess the moisture content of buil-
ding materials, different medium properties, dimensions, interfaces and other unknown
influences may require specific strategies to achieve useful results. Hence, we present an
overview of the various approaches to carry out moisture measurements with GPR in
civil engineering (CE). We especially focus on the applied signal features such as time,
amplitude and frequency features and discuss their limitations. Since the majority of pu-
blications rely on one single feature when applying moisture measurements, we also hope
to encourage the consideration of approaches that combine different signal features for
further developments.
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A.1 Introduction

In civil engineering (CE), all constructions are facing several types of degradation, which
cause expensive costs of repair. Frequently occurring degradations are the migration of
chloride ions [1], leading to corrosion [2], alkali-silica reaction [3], mould [4], frost-thaw cy-
cle, micro cracking [5], spalling, salt efflorescence [6], etc. All these degradation processes
are promoted by an increased amount of material moisture and affect building materials
such as concrete, steel, wood, stones, bricks, and screed [7]. Constructions in the field of
transport infrastructure, building constructions, or hydraulic structures are mainly made
of reinforced concrete [8]. Therefore, the moisture content in the porous cement matrix of
concrete is an important and crucial parameter. However, a reliable and non-destructive
investigation of the moisture content is still very complex and challenging, while the costs
of repair rise continuously. Especially in the field of building constructions, ageing pipe
systems are becoming a high burden for insurance. In 2018, 2.9 billion Euro of damage
was caused by piped water, accounting for the largest share (49%) of building insurance
claims in Germany [9]. In the event of damage, the accurate determination and localiza-
tion of water ingress is essential to plan for and perform efficient renovations.
There are various methods to approach this task, ranging from destructive (Darr test, cal-
cium carbide method) to non-destructive procedures (electrical, capacitive, radiometric,
thermal and hygromatic) [10, 11]. While destructive methods are time and cost intensive,
most non-destructive measurements are comparatively easy to perform, however, without
the use of complex processing and interpretation procedures, they deliver only qualitative
results.
Ground Penetrating Radar (GPR) is a fast and widely used measurement method based
on electromagnetic waves. Although Radio Detection And Ranging (Radar) is commonly
applied for aircraft and ship detection [12], it is used in many other applications like
weather forecasts [13] or collision avoidance in the automotive industry [14]. Apart from
that, it recently received attention from a wider audience with its application to prove
the existence of water on Mars [15]. Over the last decades, many publications already
demonstrated the high sensitivity of GPR for water, especially in geophysics [16, 17].
However, also in CE it is increasingly used for nondestructive moisture measurements
(e.g. [18, 19, 20, 21, 22]).
A variety of publications have shown multiple ways to assess moisture with GPR. Dif-
ferent building materials and inspection purposes require individual methods concerning
the antenna configuration or the used frequency. The applied setup as well as the under-
lying structure highly influence the subsequent interpretation of the recorded data, which
is why also numerous signal features have been established. Due to the many possibili-
ties to perform moisture measurements with GPR, this review gives an overview of the
various methods and their limitation in the context of CE. It shall serve as a basis for
inexperienced readers, as well as for advanced users, to encourage further development.
Approaches that combine different features or even methods, like data fusion and machine
learning, could also benefit from this overview.

A.2 Fundamentals of GPR

GPR signals are electromagnetic waves whose dynamic behavior is mathematically ex-
pressed by Maxwell’s equations [23, 24]. The wave propagation in investigated objects
is highly dependent on the particular electrical properties of the underlying material.
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Those properties are described by dielectric permittivity ε, electrical conductivity σ, and
magnetic permeability µ.
While an influence of µ is neglectable in the majority of GPR applications, ε and σ are of
high importance [25]. A low electrical conductivity σ provides the best conditions for an
effective use of GPR since the energy is primarily maintained in low-loss materials. Less
attenuation allows signals to penetrate deeper into a given material, which results in a
better signal-to-noise ratio for low-lying regions of interest. The velocity of wave propa-
gation in low-loss and nonmagnetic materials can be calculated with Eq. (A.1) [26, 25].

v =
c0√
εr

(A.1)

As the speed of light c0 is constant, the wave velocity is a function of the relative permit-
tivity εr (with εr =

ε
ε0

and the electric permittivity in vacuum ε0 = 8.854 · 10−6 As
V m

). The
relative permittivity describes the dielectric characteristics of materials and is defined as
a complex value, where the real and imaginary part are associated with energy storage
and dissipation, respectively [16]. While the real part of most building materials is consi-
dered as constant and dominant between 10 MHz to 1000 MHz, the frequency-dependent
loss becomes relevant as you get closer to the water relaxation frequency between 10 GHz
to 20 GHz [19, 25]. According to the popular models of Debye [27] and Cole-Cole [28]
this results in a decreasing real part and an increasing imaginary part of εr for higher
frequencies. Following Eq. A.1 smaller real parts of εr cause higher velocities. However,
this effect is not measurable in common GPR applications on building materials, since
the high frequency components of transmitted broadband impulses also experience more
attenuation due to an increased imaginary part. The frequency dependent attenuation
leads to a shift towards lower frequencies that can be observed with rising water con-
tents (see section A.5.3). Furthermore, the enhanced scattering of higher frequencies on
heterogeneities leads to additional damping, which limits the possible penetration depth
[29, 30].
The real value of εr is 1 for air and approximately 81 for pure water in liquid phase. For
most of dry soils and building materials εr is in the range of 2 to 9 [26] and increases
with a higher water content (e.g. εr is 10 to 20 for wet concrete). Due to these significant
differences, the water content is considered as the main influence on dielectric properties
of building materials, which highly justifies the use of GPR for moisture measurements
[31].
A related method that also utilizes the influence of water on the electric permittivity
and the resulting attenuation of electromagnetic waves is the application of microwave
measurements. A review of the various concepts is presented by Okamura [32].

A.2.1 Wave propagation and received signals

The occurrence of reflection, refraction, and transmission on boundaries between two
different permittivities is an important behavior to describe the propagation of elec-
tromagnetic waves. The simplified ray-based wave paths describing these principles are
shown in Figure A.1.
The amount of reflected energy (R, black) of a transmitted pulse is dependent on the
difference between the permittivities ε1 and ε2 of two considered materials. Expressed as
a factor in the range of −1 and 1, the reflection coefficient r is calculated as follows:
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Figure A.1: Principle of GPR reflection and underlying signal paths between a transmitter
Tx and a receiver Rx: A - direct air wave, G - direct ground wave, R - reflected wave, C
- critical refracted wave (according to [16] and [25]).

r =

√
ε1 −

√
ε2√

ε1 +
√
ε2

(A.2)

Another important wave path is taken by the direct air (A, grey) and direct ground (G,
grey) wave, which propagate in their respective medium on the shortest way between
transmitter and receiver. With a small antenna spacing, both waves superpose and form
the direct wave (DW) that is seen first in the received signal. A qualitative example of
such a recorded energy-signal in time domain (A-Scan) is shown in Figure A.2. The DW
is followed by a reflection wave (RW), with a certain peak-to-peak amplitude ARW,p−p

and a time difference ∆tRW between DW and RW. These basic signal features, as well as
the peak-to-peak amplitude of the DW, can already serve as good indicators for moisture
measurements on building materials, which will be further discussed in section A.5.

DW RW

Time

A
m
pl
itu

de A=0

Ap-p,DW Ap-p,RW

ΔtRW

Figure A.2: Example of a recorded energy-signal in time domain (A-Scan) including the
direct wave (DW) and reflection wave (RW). Basic signal features are the peak-to-peak
amplitudes ADW,p−p and ARW,p−p located at the first peaks of DW and RW. The time
difference ∆tRW between both peaks is often considered as the travel time.

Similar to optics, refraction is described by Snell’s law that deals with the relationship of
occurring angles on interfaces. For reasons of clarity, the occurring refraction from ϵ2 to
ϵ1 is not depicted in Figure A.1. Critical refractions and reflections (C, grey) also exist.
They often superpose with the reflected wave R, which makes a separate investigation
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difficult. In general, the received A-Scan is always a superposition of all different wave
paths, whereas their individual amplitude and separation in time and space depend on
the spacing between transmitter and receiver as well as on the target depth and on the
elevation of the antenna [30]. Different GPR configurations, therefore, have a considerable
influence on the received signals and their interpretation. The commonly used set-ups
for moisture measurements in building materials and their underlying parameters are
discussed in the following section.

A.3 Configurations and their parameters

GPR configurations are divided into two types: reflection and transillumination measu-
rements. Transillumination is rarely performed in civil engineering since a suitable back
wall is often inaccessible (e.g tunnels, foundations, containments). Also, the transmission
between a pair of boreholes, as it is applied by geophysicists for soil moisture measu-
rements [33, 24], is commonly not used to investigate building materials. This paper,
therefore, focuses on reflection configurations. Here, the common-offset reflection survey,
as shown in Figure A.3, is the simplest and mostly applied configuration.

T1 R1
...T1 R1

s

ε1

ε2

s

air

Figure A.3: Principle of a line measurement with GPR in common-offset configuration
and its most important signal paths: Direct air wave, direct ground wave and the reflected
waves.

As the name of the method suggests, the spacing s between a single transmitter and
a receiver is kept constant for every measurement position on a survey line. The most
significant parameter is the applied center frequency, which describes the dominant fre-
quency of the transmitted broadband pulse. As mentioned in section A.2, it influences
the general attenuation and, therefore, the penetration depth. When it comes to multi-
layered mediums or rebar localization, the spatial resolution becomes more relevant since
it rises with shorter wavelengths. This creates a trade-off between resolution and pene-
tration depth when choosing the most suitable center frequency. GPR frequencies used
for material moisture measurements are mainly between 100 kHz and 10 GHz. In case
of concrete, frequencies between 1 GHz to 3 GHz yield a good trade-off between spatial
resolution and penetration depth. Other essential parameters are the antenna spacing s,
the antenna orientation, the bit resolution, recording time window, sampling frequency,
the distance between each measurement and the parallel line spacing (when performing
more than one survey line) [24]. The suitable choice of these values highly depends on
the particular test object and purpose.
When using GPR in reflection configuration, one rarely has precise information about the
underlying layer depth. In that case, a profound water content estimation through the use
of velocity data is impossible since the traveled distance is unknown. Here, multi-offset
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configurations like common-midpoint (CMP) and wide angle reflection and refraction
(WARR), as shown in Figure A.4, can be used. While the CMP method uses a fixed
midpoint with a stepwise increasing spacing between transmitter and receiver, WARR
configurations often have one source at a constant location with multiple receivers in
defined distances. WARR can also be performed by using a single receiver (or transmit-
ter) that is moved further from the corresponding transmitter (or receiver) with every
measurement.

T1 R1T1 R1

ε1

midpoint

... ...s1
sn

air TR1T1

ε1

Rn

s1
sn

. . .air

Figure A.4: GPR with multiple offsets: common-midpoint (CMP, left) and wide angle
reflection and refraction (WARR, right) configuration.

The series of reflection waves (B-Scan) collected by multi-offset techniques form a hyper-
bola from which velocity and layer depth can be estimated [34][35][36]. After that, the
obtained vertical velocity model allows a layer specific permittivity estimation.

A.4 Moisture content of building materials

As discussed in section A.2, the permittivity of an investigated material heavily depends
on the moisture content and, therefore, changes when water is adsorbed. Water adsorp-
tion or desorption generally requires an open porosity as well as a hydrophobic behavior.
Several building materials possess these material properties such as: concrete, screed,
mineral rock wool, calcium silicate plate, etc. In these, the adsorbed water is located in
completely filled pores and partially saturated pores [37].
Concrete is a highly heterogeneous material. Every concrete mixture has its own com-
position of water, cement, minerals, aggregates, additives, etc. This defines the resulting
material properties, e.g. comprehensive strength, the dry density, and resistance to water
and chlorides. Furthermore, the resulting pore system is also influenced significantly by
the concrete composition as well as by the ambient temperature and humidity. On the
long-term, the pore system might vary due to carbonation, micro-cracking, and sulphate
attack. Thus, every pore system and hence every concrete is unique, and a general ca-
libration function does not exist. Furthermore, the properties of the pore water are not
time constant. Chloride and sulphate ingress change the surface tension of water, which
changes the moisture content as well as the relative permittivity. In conclusion, quanti-
tative moisture measurements of concrete would require intensive calibration for all the
influencing factors mentioned above. Also in case of assumed perfect dry concrete samp-
les (all evaporable pore water is released), no uniform permittivity exists. Every cement
mixture contains different amounts of chemically bound water, calcium, aluminum, iron,
etc. which influence the final permittivity.
The open porosity varies between 5 % and 25 % in most cases. The pore sizes are distribu-
ted over several magnitudes and are described by a representative diameter. Micro-pore
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diameters are between 0.4 nm and 2 nm, so called meso-pores are in the range of 2 nm
to 100 nm, and macro-pores range from 100 nm up to 100 µm [38]. In these pores, the
material moisture is located in liquid phase at the pore surface/ fringe and in vapor pha-
se in the pore center. Occurring transportation processes are a two-phase flow including
both phases, vapour and liquid. The total porosity and the distribution of the different
pore sizes determine the capability of adsorption and desorption of water. The function
which relates the water vapour partial pressure, i.e. relative humidity and the resulting
material moisture is the so-called sorption isotherm.
In most cases, the moisture content of concrete is between 0.15 M% and 10 M%. It is
defined as the ratio between the mass of moisture divided by the mass of the dry material.
Besides this definition, sometimes the moisture content is based on the mass of the wet
material or the volumetric moisture content is given [39]. For comparison, these values
must be converted to each other. In the following, we use the definition based on the mass
of the dry material. Obviously, this requires the knowledge of the dry mass. One common
approach is oven drying to evaporate the mobile water in the pores [40]. Depending on
the sample size, this might take up to several days. If mass constant is reached, the sam-
ple is considered as dry and all evaporable/ mobile water is released. Nevertheless, the
cement matrix still contains a lot of chemically bound water. This water is immobile and
never contributes to the moisture transport [11]. However, if the oven temperature is too
high, this chemically bound water is partially released as well, which leads to systematic
deviations from the “true” moisture content. In practice, various drying temperatures are
established for different materials (cement based, calcium-sulphate based, clay minerals,
etc.) and different testing purposes. Therefore, we will emphasize to consider clearly the
drying method and a suitable temperature (in case of oven drying) when using moisture
content values for calibration.

A.5 Determination of material moisture based on

GPR

After the reflected energy-signals are recorded (Fig. A.2), there are two possible ways
to estimate the underlying water content θ. The first is illustrated by the steps A and
B in Figure A.5, where the θ-estimation is based on a preceding ϵ-estimation. This is
an appropriate approach, since the electric permittivity ϵ strongly depends on the ma-
terial moisture [41]. However, such two-step calculations may increase the risk of error
accumulation and therefore, already require a precise determination of ϵ. With a known
ϵ, petrophysical models derived from empirical studies can be applied to calculate θ(ϵ).
Topp’s equation [42] is the most commonly used model in geophysics to estimate soil
moisture [16, 17]. Therefore, it is also applied in civil engineering to derive θ of subgrades
below pavement and railway structures [43, 44, 20]. It provides a basic polynomial ap-
proximation for θ(ϵ), which only regards the real part of ϵ. For asphalt mixes, Fernandes
et al. [45] applied a modification of the complex refractive index model (CRIM) derived
by Wang and Lytton [46] to estimate the moisture content. CRIM offers a more complex
approach, which requires further knowledge about the volumetric fraction of different
material components. An overview of various petrophysical models and further literature
can be found in [47].
When there is no established model for the investigated material, like for concrete, site-
specific relationships based on the collected data serve as a suitable way to evaluate θ
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Figure A.5: Principle of signal processing to estimate the moisture content θ by using the
reflected energy-signal of GPR.

[48]. However, those fitted models always require an accurate reference of the underlying
water contents. Here, the gravimetric method, as discussed in the previous section, pro-
vides results by drying and weighing collected samples (e.g. drilling cores) according to
ASTM D2216-19 [23].
Such references also enable the second possible way to estimate θ, which is shown by step
C in Figure A.5. This approach skips the ϵ-estimation by formulating a direct relationship
between the received GPR signals and the obtained moisture data.
Both approaches, AB and C, require characteristic signal features that correlate with θ.
Those features commonly applied in civil engineering can be divided into time, ampli-
tude, and frequency features. Their related methods and limitations will be discussed in
the following sections.

A.5.1 Travel time and velocity features

Measuring the time ∆t that it takes for a transmitted and reflected impulse to travel back
to its origin is by far the oldest signal feature in radar technology [49]. It is generally used
to detect objects and to calculate their distance d with Eq. A.3 by means of the known
wave velocity v.

v =
2d

∆t
(A.3)

When performing moisture inspections with GPR, the permittivity of an investigated
medium and hence the propagation velocity (Eq. A.1) is obviously unknown. Therefore,
a known reflector depth is one possibility to calculate v and ϵ by measuring ∆t. It is
usually performed in laboratory studies where the dimensions of test specimens are gi-
ven, like in the works of Fernandes et al. [45], Lai et al. [22] and Laurens et al. [21]. Such
set-ups allow an accurate determination of ϵ depending on the water content θ with a
normal common-offset survey. This approach is also applicable to multilayered structu-
res, as shown by Grote et al. [20]. Here, ∆t is the time passing between two reflections
from the top and bottom of a specific layer. In singlelayered mediums, ∆t is often defined
as the time difference between the first peak of the direct and the reflection wave (see
Figure A.2), since the true time-zero is not available [50]. In the study of Viriyametanont
et al. [51], the authors even propose a delay correction when using the direct wave as a
time reference. This is motivated by a measurable influence of the underlying moisture
content on the direct wave velocity, which can vary in near surface areas. The correction
is calculated with a given transmitter to receiver offset and the wave velocity obtained
from various rebar reflections in known depths.
In practice, usually the propagation velocity, as well as the reflector depth, are unknown.
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In this case, ASTM D6432-11 [36] suggests two techniques to obtain v from measured tra-
vel times. The first is called hyperbolic geometry and can be performed in common-offset
configuration. It requires point reflectors such as pipes or rebars that cause a hyperbolic
pattern in the radargram (B-Scan), from which the propagation velocity can be deri-
ved. Cheung and Lai [52] recently used this technique to detect water-pipe leakages by
observing significant velocity drops compared to undamaged dry areas. A quantitative
approach was studied by Koyan et al. [53] who presented a migration-based velocity ana-
lysis on multiple rebar reflections, however, this was done with known reflector depths
to conduct a time-zero correction. Here, occurring uncertainties were mainly caused by
interferences due to a small spacing between the rebars and a limited vertical resolution
for shallow rebar depths.
The second way to obtain v without a known d is called velocity sounding which descri-
bes the use of the CMP and WARR survey method, as mentioned in section A.3. CMP
measurements were applied by Cai et al. [44] and Grote et al. [20] to obtain a vertical
velocity characterization for railway and pavement structures, respectively. The use of
such multi-offset configurations also allows greater spacing between transmitter and re-
ceiver. Therefore, the travel time of the direct wave gets more relevant while it is barely
considered in common-offset configuration. Klysz and Balayssac [19] suggest the analysis
of direct wave travel times with WARR configuration to estimate the mositure content
of concrete covers. However, it is important to mention that only near surface moisture
can be measured with this technique, since the penetration depth of the ground wave is
limited [54].

A.5.2 Amplitude and attenuation features

Quantitative estimation of underlying permittivities by analyzing the received signal am-
plitudes is very challenging compared to the use of travel times [20]. The theoretical
approach is given with Eq. A.2, which suggests the evaluation of occurring reflections on
a boundary of two different permittivities. Besides the need of one given ϵ, this method
often leads to inaccuracies due to several other influences on the amplitude. In complex
mediums, like concrete, the propagating waves experience a lot of scattering through he-
terogeneously distributed electrical properties [25]. An increased moisture content leads
to the presence of more water filled pores and thus to more heterogeneities and a higher
conductivity. Furthermore, attenuation grows with longer travel paths and rising frequen-
cies, which distorts an amplitude-based ϵ-estimation even more.
The use of an air-launched and, therefore, air-coupled antenna configuration makes it
possible to analyze the reflection that occurs on the air-material interface. Air, as the
overlying medium, has a known permittivity ϵair = 1 and causes comparatively low los-
ses. Thus, the permittivity of the underlying material ϵm can be calculated with the
following equation:

ϵm =

[
1 + A0

Am

1− A0

Am

]2

(A.4)

Here, the reflection coefficient is defined as r = A0/Am with the reflected air-surface
amplitude A0, that is scaled by the highest possible amplitude Am. This maximum can
be easily obtained with the use of a metallic reflector in the same distance as the in-
vestigated surface. Benedetto et al. [43] used this technique to map the spatial variation
of soil moisture as a preinvestigation for pavement applications. However, this approach
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only covers moisture near the surface and ignores possible permittivity changes in deeper
areas. To capture those, Maser and Scullion [55] also analyzed the reflections from the
asphalt-bottom to estimate the moisture content of the underlying base layer. Obviously,
this method encounters all the aforementioned uncertainties with the additional risk of
error accumulation by the use of previously estimated asphalt permittivities.
Due to the numerous unknown influences for on site investigations, most of the works
that study the correlation between amplitudes and water content were performed under
laboratory conditions. A controlled environment also allows the use of additional metallic
reflectors below the investigated specimens to emphasize the occurring reflections or to ge-
nerate reference amplitudes for scaling/ normalization. As a signal feature, Hugenschmidt
and Loser [56] used the quotient between the reflected amplitudes at the concrete surface
and those at an aluminum sheet below the bottom. The authors observed a qualitative
correlation with the water content of concrete as well as with ingressed chlorides that
increase the underlying conductivity and therefore cause additional attenuation. This is
particularly an issue in countries where salt is used for de-icing roads and pavements.
The concurrent influence of moisture and chlorides in concrete was also studied by Senin
and Hamid [57]. It was observed that ingressed chlorides attenuate the amplitude even
more with rising water contents, which is explained by a rising mobility of the chloride
ions in water filled pores. To obtain a signal feature, the authors defined an amplitude
attenuation per meter with known sample thicknesses. Here, the received amplitude of a
completely dry and chloride free reference-sample served as the normalizing factor. Lai
et al. [22] used a similar attenuation feature expressed in dB/m to observe the hydration
process of concrete. The authors normalized the reflection-amplitudes with those of the
direct wave. This may lead to errors since the amplitude of the direct wave is also sen-
sitive to the underlying moisture content, as shown in the works of Klysz and Balayssac
[19] and Sbartai et al. [58]. The latter took the amplitude of the direct wave in air as
the nomalizing factor to ensure a material-independent reference. Another possibility to
scale received amplitudes is shown by Laurens et al. [21] who use the reflection of a fully
saturated specimen to emphasize the contrast of different moisture contents.
In Klee and Kind [59], the authors presented a statistical approach in which they analy-
zed the root mean square (RMS) of time-slices (C-Scans) during the hydration process of
concrete. The general procedure is described in Kind et al. [60]. C-Scans can be obtained
by measuring more than one survey line with a parallel spacing to each other, which
generates a data cube (e.g. in the work of Weise et al. [61]). A horizontal slice out of
that data cube includes all samples (amplitudes) for a certain time value of all recorded
reflection signals. During hydration, the RMS significantly rose in the time range of the
back wall reflections, but did not show any remarkable changes for other time ranges.
In most cases outside the laboratory, practical studies only allow qualitative statements
on moisture contents. An example is the work of Alani et al. [62], where the general signal
attenuation served as a suitable indicator for specific bridge areas affected by moisture
ingress.

A.5.3 Features in the frequency domain

In comparison to the classical features like amplitude and travel time, represented by spe-
cific points in time domain, frequency related features include the information of certain
time ranges or the complete time signal. Extracting these features makes it possible to
observe a shift to lower frequencies in the received waveforms with rising water contents
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[21].
One way to explain this phenomenon is the occurrence of Rayleigh scattering [16]. It
describes the scattering on heterogeneities that are much smaller in size than the applied
wavelength of the electromagnetic wave [25]. As mentioned before, higher water contents
go along with a higher number of water filled pores. The additional heterogeneities at-
tenuate higher frequencies even more which results in the observable shift. To capture
this dependency, Benedetto and Tedeschi [63] compare the peak frequencies of different
spectra obtained by fast fourier tranformation (FFT) to indicate qualitative changes in
the water content. In addition to that, the authors extract the spectrum’s second, third,
and fourth standardized moments, which represent the variance, skewness and kurtosis,
respectively. However, the use of higher order statistics requires a larger sample size to
maintain the same level of accuracy, which is discussed in [64].
Another explanation for the frequency shift is dielectric dispersion, which describes the
frequency dependent behavior of ϵ. As stated in section A.2, free water has a relaxation
frequency between 10 to 20 GHz, which marks the highest possible imaginary part of
ϵ and thus the highest frequency dependent attenuation. For composite materials with
bound water, like soil or concrete, the relaxation frequency is significantly smaller com-
pared to free water [65]. The influence of free and bound water on the frequencies of an
reflected signal was studied by Lai et al. [66] on hydrating concrete samples. By using
the short-time Fourier transformation (STFT), it was shown that the higher frequency
components of the reflection wave get less attenuated with a rising share of bound wa-
ter, which can be explained with the increased inertia of bound molecules [47]. The use
of STFT, as a joint time-frequency analysis, makes it possible to analyze the spectra
of different time steps in the received signal. Thus, occurring changes for different wave
types like the direct and reflected wave are detectable, as their occurrence is separated
in time. In comparison, the fast fourier transformation (FFT) analyzes the entire signal
only, which may lead to a lower sensitivity for spectral shifts in specific time ranges.
In Lai et al. [67] the authors used the STFT to qualitatively observe the drying of a brick
wall by evaluating the spectral shift of the direct wave. The same data was later analyzed
with the wavelet transformation (WT), which is presented in Lai et al. [68]. Compared to
the fixed time-frequency resolution of the STFT, the WT offers varying resolution cha-
racteristics. This results in a more accurate analysis of both lower and higher frequency
components with a decreasing time resolution for lower and an increasing time resolution
for higher frequencies. For the direct and reflection wave, the drying process becomes
more detectable with the use of WT compared to the application of STFT.
All mentioned publications concerning variations in the frequency spectra present a qua-
litative approach since the theoretical influences are not completely understood. Nevert-
heless, frequency features can serve as an appropriate addition to previously mentioned
techniques.
The discussed publications that used an amplitude, time, or frequency feature to detect
moisture in the context of civil engineering are listed in Table A.1.

A.5.4 Inversion-based methods

The available computing power motivates sophisticated approaches, like full-waveform
inversion, that include the accurate modeling of electromagnetic wave propagation [70].
The idea is to incrementally change the unknown model parameters (permittivity ϵ and
conductivity σ) until the misfit between synthetic and collected data is minimized. Hence,
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Table A.1: Overview of publications that perform moisture measurements in civil engi-
neering based on signal features of the radar signal. DW - direct wave; RW - reflection
wave; CO(al) - common-offset (air-launched); A, B, C - according to Fig. A.5; fc - applied
center frequency
Reference Signal Feature Signal Part Survey Method Estimation Method fc [GHz]

Alani et al. [62] Amplitude DW, RW CO Qualitative 2

Benedetto et al. [43] Amplitude
Frequency

RW, A-Scan CO(al) A, B (Topp) 0.6, 1.6

Benedetto and Tedeschi [63] Frequency A-Scan CO Qualitative 0.6, 1.6

Cai et al. [44] Time RW CMP A, B (Topp) 0.1

Cheung and Lai [52] Time RW CO Qualitative 0.2, 0.25, 0.4,
0.6, 0.9

Fernandes et al. [45] Time RW CO A, B (Wang) 1.6

Grote et al. [20] Amplitude
Time

DW, RW CO, CMP A, B (Topp
and site-specific)

0.9, 1.2

Hugenschmidt and Loser [56] Amplitude RW CO(al) Qualitative 2.5

Klee and Kind [59] Amplitude C-Scan CO Qualitative 1.5, 2.6

Klysz and Balayssac [19] Amplitude
Time

DW, RW CO, WARR C 1.5

Koyan et al. [53] Time RW CO A, B (CRIM) 2

Lai et al. [22] Amplitude
Time

DW, RW CO A 1

Lai et al. [66]
Lai et al. [67]
Lai et al. [68]

Frequency A-Scan CO Qualitative 1.5, 2.6

Laurens et al. [21] Amplitude
Time
Frequency

DW, RW CO A, C 1.5

Maser and Scullion [55] Amplitude RW CO(al) A, B (CRIM) 1

Senin and Hamid [57] Amplitude DW, RW CO C 1.6

Sbartai et al. [58] Amplitude DW, RW CO C 1.5

Válek et al. [69] Time RW CO Qualitative 1.5

Viriyametanont et al. [51] Time RW CO A 1.5

Weise et al. [61] Time RW CO Qualitative 2.6
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a precise model of the applied GPR system and the underlying medium is of high import-
ance to ensure appropriate results. In addition to increasing applications for geophysical
studies using GPR [71], full-waveform inversion is also used to assess moisture and chlo-
rides in concrete [72, 73].
Another inversion-based approach evaluates the occurring dispersion caused by thin low-
velocity layers that act as waveguides [74, 75, 76]. Xiao et al. recently applied this principle
to monitor the water ingress and transfer in concrete [77, 78].
The inversion-based methods show promising results, however they are still considered as
advanced research, that requires skilled and experienced users [79]. As a tool for modeling
synthetic data, open source simulation software like GprMax [80] can be used.

A.5.5 Problems and limitations of on site investigations

Numerous works in this review where performed in laboratory conditions, where the aut-
hors are able to measure and control crucial parameters. Knowledge about the thickness
of objects, the material composition, a uniform water distribution, available reference
measurements from dry states or the surrounding temperature and humidity are necessa-
ry for a reliable quantification of moisture contents. While these works reveal important
information and experience about the application of GPR, their transfer to a practical on
site investigation is not straightforward. Here, most of or even all of the aforementioned
parameters are initially unknown. Thus, we want to emphasize that on site investigations
should always be performed or supervised by trained personnel who is familiar with the
difficulties between laboratory and field tests.
One of the most common reasons for misinterpretation is an imprecise assumption of the
actual wave travel path, since it provides the basis for an accurate velocity analysis as
discussed in section A.5.1 and influences received amplitudes as well. Extracting drilling
cores or perform bigger excavations are direct ways to overcome this problem, like shown
in the works of Alani et al. [62], Maser and Scullion [55] and Weise et al. [61]. However,
these inspections often can only be done selectively, whereby some thickness variations
may remain unnoticed. Here, former collected reference measurements from dry states
can provide precise information [20], which generally justifies long term monitoring of
certain objects that might constitute a risk to security like roads and bridges. CMP
measurements performed in the works of Cai et al. [44] and Grote et al. [20] also deal
with the problem of unknown object thicknesses. However, interference between certain
wave parts or reflections due to shallow structures might lead to errors. Cai et al. [44]
performed simulations with GprMax to identify advantageous trace ranges for their cal-
culations. Furthermore, the choice of a more suitable center frequency may provide better
resolution in such cases.
Besides unknown wave travel paths, changing material properties caused by e.g. density
or moisture gradients can also cause misinterpretations, since the applied calculations
often assume uniform distributions. Here again, the extraction of drilling cores can give
good insights into such variations.
Apart from verifying structural properties like the material thickness or composition, in-
dicating the presence of water with other methods like capacitive probes [43] or the use of
nuclear magnetic resonance (NMR) [61] may support the correct interpretation of GPR
data. Sometimes, even the visual inspection of small surface cracks that serve as ingress
ways for moisture [62] or darker areas of a concrete road [61] provide significant hints.
The amount of unknown parameters when performing on site measurements with GPR
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underlines the general need of trained and experienced personnel. A comprehensive know-
ledge about the influence of moisture on the various signal features as well as a detailed
assessment of possible errors is necessary to achieve meaningful results.

A.6 Summary and conclusion

In this work, we presented an overview of applied methods to perform moisture measure-
ments with GPR in the context of civil engineering. It focused especially on the variety
of used signal features in the reflected energy signal as well as on the respective survey
methods and the differing approaches to estimate θ.
While the quantitative determination of underlying water contents already delivers good
results in laboratory conditions, users have to deal with a lot of uncertainties when it
comes to on site investigations. Unknown underlying component dimensions or material
properties can easily lead to misinterpretations as they may have a significant influence
on the applied signal features. Therefore, destructive methods like the analysis of drilling
cores are often necessary to obtain the missing information or to calibrate collected da-
ta. However, the knowledge about the presented methods and signal features, as well as
their limitations, can already provide a good basis for qualitative on site assessments of
moisture ingress and damage.
Future works should investigate the combination of different signal features or methods,
as it is remarkable that most of the studies either focused on a single feature or analyzed
a number of them separately. An advanced approach is already given with the emerging
inversion-based methods, that even consider the entire waveform and include the conduc-
tivity as an additional model parameter. Furthermore, combining different features with
the use of data fusion and machine learning may also drive progress towards automation.
However, such approaches require a representative data basis, which is usually not availa-
ble. The trend towards open data could close this gap and encourage further studies on
the suitability of learning-based strategies.
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2. Evaluation of Radar Signal
Features on Drying Screed Samples

After the general review of GPR applications for moisture measurement in CE, given
in A, this section starts to focus on the structure of interest - layered building floors.
In practice, the most varying parameters of a floor structure are the used materials for
screed and insulation, as well as their installed thicknesses. Therefore, an experimental
approach applying these variations is believed to cover a wide range of practical setups.
A detailed presentation of this approach is given later in publication B, which deals with
the laboratory realization to investigate moisture damage in building floor constructions.
In there, the production process of the screed samples is described in only a few sentences,
which leaves a wide gap in an important milestone of this thesis. While the production
alone is only a small part of this milestone, the subsequent drying process provides an
opportunity to investigate the suitability of the previously researched GPR signal featu-
res.
These investigations are discussed in the following chapter and were part of a poster pre-
sentation held on the DGZfP Jahrestagung 2019 (Appendix II) showing the application of
radar and neutrone probe to measure the moisture content of screed samples with varying
thickness, binder and strength over a time period of 90 days after casting. The gravime-
tric Darr and chemical calcium-carbide method served as references for determining the
moisture loss during drying. With the moisture reference obtained, a special focus was
placed on the combination of radar signal features and the neutron probe to analyze the
potential of a multivariate evaluation. This also allowed conclusions to be drawn about
the strengths and weaknesses of individual features.

2.1 Materials and Methods

2.1.1 Casting of Screed Samples

In order to perform laboratory tests on building floors, a modular approach is followed,
which allows the efficient setup of many different configurations. While the insulation ma-
terials required for this are available in many different varieties, the screed test specimens
(TS) must be specially cast. In practice, the most common types of screed are either ba-
sed on cement or calcium sulphate and are installed with an average thickness of 4 cm to
7 cm. In addition to the binder type and thickness, different strengths (compressive and
bending tensile strength) are used, depending on the application. With regard to these
three variables, a set of 12 screed specimens was cast in accordance to Table 2.1. Due
to the risk of breakage when handling thin screed plates, no screed specimens below 5
cm thickness were prepared for the experiments. Concerning the strength, two variations
(normal and solid) were chosen for both binder types. The edge length of 800 mm was
based on the spherical measuring volume of the neutron probe with a diameter of approx.
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560 mm. The sufficiently large extension is intended to avoid possible edge effects, also
for the radar measurements, which require a distance to outer boundaries from the depth
to be measured.
When measuring moisture damage, the amount of liquid water contained in the medium
is the relevant variable. After a screed has been produced, this liquid water content chan-
ges drastically within the first 90 days, which is why this time is particularly interesting
for evaluating the intended moisture measurement methods. However, this process is not
only determined by the drying of the specimen, but is also subject to hydration, in which
liquid water is bound to build up the cement matrix. Thus, the moisture content cannot
be directly determined by weighing the specimen alone. Therefore, the hydration pro-
gress and moisture content is to be observed with the help of nine sister test specimens
(STS), which were prepared from the same batch for each specimen (Figure 2.1 left).
On defined days after casting, these STS were first examined with the CCM method [1]
and then subjected to Darr drying at 105 °C for cement-based screeds and 40 °C for
calcium-sulphate-based screeds in accordance with DIN 12570:2000 [2].

800 mm

800 mm

h

100 mm

7 10 14 21 28 35 50 70 90

Test specimen (TS) Sister test specimen (STS)

Figure 2.1: Sketch of cast test specimen (TS) and respective sister test samples (STS).
The numbering of the STS defines the day after casting, on which the sample is used for
referencing moisture methods (Darr and CCM).

Table 2.1: Properties of the different screed types used for test specimens.

Label Binder Compressive strength Bending tensile strength Water demand

CT1 Cement 25 Nmm−2 (C25) 5 Nmm−2 (F5) 0.1333 lkg−1
CT2 Cement 40 Nmm−2 (C40) 7 Nmm−2 (F7) 0.0875 lkg−1
CA1 Calcium-sulphate 25 Nmm−2 (C25) 5 Nmm−2 (F5) 0.15 lkg−1
CA2 Calcium-sulphate 30 Nmm−2 (C30) 7 Nmm−2 (F7) 0.15 lkg−1

Product name of the used screeds in order of the Table: maxit plan 425, maxit plan 435, maxit plan
470, maxit plan 490

Impressions of the casting process are shown in Figure 2.2 a), where a freshly mixed CA
screed is poured into the formwork. To ensure a proper handling of the screed samples to
be positioned and exchanged on the modular specimen, threaded sleeves were embedded
into the four corners of each specimen to allow the flexible use of ring bolts (Figure 2.2 b)).
Their use will be visualised later in Figure B.3 within the second publication.
One day after casting, the formworks were removed and all specimens were covered by PE-
foil on the bottom and waterproof tape on the shell surfaces to ensure realistic drying from
above. Hydration took place in a standard climate with 23 °C and 50 % relative humidity
(RH). For this purpose, the screed plates were stored on 600 mm x 600 mm x 280 mm
extruded polyethylene insulation (Styrodur) in combination with a euro pallet. These
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were placed in two heavy-duty shelves, which were surrounded by a 3 m x 6 m x 2.5 m
tent (see Figure 2.3). The desired climate was controlled using appropriate equipment
(air conditioning, air humidifier, air dehumidifier, data logger).

a)

b)

Figure 2.2: Casting of screed samples: a) Freshly mixed CA screed gets poured into its
formwork. b) Embedding of threaded sleeves into each corner to enable handling with
ring bolts.

Figure 2.3: Storage of the samples in a climate controlled tent at 23 °C and 50 % RH.

2.1.2 Hardware and Measurement Procedure

After preparation and taping of the samples, all of them were measured daily during
the first seven days using the radar method and the neutron probe. For the radar mea-
surements, two antennas with center frequencies of 2 GHz and 2.6 GHz were used in
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common-offset configuration. They were connected to a SIR20 system from GSSI [3].
The two perpendicular 60 cm survey lines investigated, as well as the typical measure-
ment setup are shown in Figure 2.4. With 250 scans/meter, each survey line includes
100 A-scans. An A-scan contains 512 samples covering a 11 ns time window. Data ac-
quisition by the neutron probe was always performed in the screed’s center with a time
interval of 15 seconds. This was carried out ten times for each specimen and the scalar
values obtained were averaged. As a hedge against possible malfunctions, each measu-
rement was carried out with two probes. A floor scale was used to directly observe the
weight loss occurring in the TS. This also served as a measure for the successive increase
in the time interval between the measurement days, which was carried out individually
for each screed type. The observation of the hydration process of all samples lasted a
minimum of 90 and a maximum of 98 days. Subsequently, the calcium-sulphate-based
screeds were dried at 40 °C and the cement screeds at 105 °C to obtain the respective dry
weights.

600

60 cm

Survey lines

Neutron probe Radar antenna

1

2

80 cm

Euro pallet

Figure 2.4: Measurement setup with neutrone probe and radar antenna on screed test
specimens. The right graphic shows the perpendicular orientation of the two recorded
GPR survey lines on a screed in top view

2.1.3 Feature Extraction and Evaluation

Univariate Analysis

The literature research on moisture measurement with GPR in publication A yielded
numerous signal features which show a correlation to the water content of building ma-
terials. The most commonly used features in the time [4, 5] and frequency domain [6]
were implemented and used to evaluate the measurements performed. An overview of this
selection can be found in Figure 2.5.
The automated extraction of this features is mainly based on a local maxima and minima
search within the A-scan, by which both the direct wave and the reflection wave can be
detected. To avoid possible misinterpretations, irrelevant high and low points, that do
not belong to the direct wave or reflection wave must be excluded, which is ensured by
a specific threshold based processing. However, these thresholds were chosen according
to the collected data set and may cause errors or inconsistencies on completely new or
disturbed data. Unusual reflections (which may also be caused by water) or noise can
affect this automatic extraction, which must be taken into account when analyzing the
features. After extraction, the features are evaluated by examining their correlation to
the referenced moisture contents of exemplary screed specimens.
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Figure 2.5: Extracted signal features of a radar measurement (A-scan) consisting of di-
rect wave (DW) and reflection wave (RW). 1, 3 and 4: peak-to-peak amplitudes; 2, 5:
maximum frequencies ; 6, 7 and 8: two-way travel times.

Multivariate Analysis

To investigate the potential of a multivariate analysis, subsets of features are combined
in different configurations, which are used as input parameters for a screed moisture
prediction model concerning the whole data set. Here, also the results of the neutron
probe measurements are considered, as shown in Figure 2.6. The analysis gives first
insights into the neutron probes potential to serve as an independent feature for moisture
measurement on building floors. Additionally, the amplitude of DW and RW, as well as
the time difference between these two wave types are used as GPR features.
The combination of all four features is evaluated by applying a multiple linear regression
(MLiR). The resulting models are then used to predict the referenced moisture contents,
whereby the achieved accuracy is represented by the adjusted R2 measure.

D – Direct wave, amplitude

T – Time between D and R

R – Reflection wave, amplitude

S – Neutron probe, counts

D

T

R

Neutron probe

h

+Radar

S

Figure 2.6: Regarded features of radar and neutron probe for the multivariate analysis of
screed moisture.
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2.2 Results and Discussion

2.2.1 Moisture Reference

For a better understanding of the recorded radar signals, the moisture contents measu-
red with the different reference methods will be briefly discussed. Figure 2.7 shows an
exemplary comparison of the screed types used. Here, only the 6 cm thick TS and STS
are shown with regard to a better overview. The other specimens show similar moisture
developments.
First of all, a clearly higher weight loss of the CA samples can be recognized, which dry
out almost completely to less than 0.2 mass percent (wt%). In comparison, the CT screeds
show a moisture content above 4 wt% after 90 days. This is related to the developed pore
structure of both screed types. While large pores in CA screeds accelerate drying, CT
screeds show predominantly very small pores with pore radii below 0.1 µm [7]. These
small pores physically bind liquid water and make it immobile. Thus, the equilibrium
moisture content of CA screeds is less than 0.3 wt%, while CT screeds normally contain
values between 2.5 wt% and 3.5 wt%. Given that, the measured moisture contents are in
line with expectations [8], although especially CT2 shows only a very low water loss. In
addition to the increased strength, this type is also listed as a ’rapid screed’, which also
has the lowest water requirement according to the manufacturer’s specifications listed in
Table 2.1. Attempts to explain the measured values are omitted here, since it is not the
subject of this study. However, it should be noted that the very low moisture dynamics
over the time period of 90 days are not suitable for the investigation of moisture measu-
rement methods, which is why CT2 is excluded from the evaluation.
Systematic deviations of approximately 1.5 wt% between the CCM and Darr method are
generally known for CT screeds [9]. On the one hand, this is due to the dissolution of
chemically bound water during drying at 105 °C. On the other hand, the liquid water
is probably not completely released when the pressure bottle is shaken during the CCM
measurement procedure, which could explain in particular the larger error of approx.
2 wt% for the more solid cement screed CT2.
A more detailed analysis of the moisture contents measured with the Darr method and
CCM is given in the publication of Strangfeld and Klewe [10], which can be found in
Appendix I. In there it is also shown that the normalized dry weight of the sister samples
is close to constant for the measured time period (Figure I.6 and I.7). This indicates that
the hydration process is already completed before the first measurement on the seventh
day and proves that the entire solid matrix was completely formed within one week. In
conclusion, the moisture curves measured on TS CT1, CA1, and CA2 turn out to be
good references to investigate the suitability of selected signal features, since they show
the actual decrease of liquid water within the samples.
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Figure 2.7: Moisture contents of all screed types with 6 cm thickness measured on TS
and STS by Darr (yellow, red) and CCM method (purple)

2.2.2 Univariate Analysis on Exemplary Screed Samples

The influence of the hydration process and the associated moisture loss on the recorded
radar signals is shown exemplarily on the 6 cm CT1 screed in Figure 2.8. As expected, the
reflection wave, which travels through the medium twice , shows the greatest sensitivity to
the contained water. However, the direct wave, which partially travels through the screed,
also reveals minor changes in amplitude and frequency. The quantitative behaviour of all
extracted signal features over the test period is shown in Figure 2.9.

Days after casting:

-0.5 0 0.5 1 1.5 2 2.5

-2

-1

0

1

2
10

4

3

5

7

9

12

16

24

34

50

65

77

98

CT1 6 cm – 2 GHz

Time [ns]

A
m

p
li

tu
d

e 
[a

.u
.]

Figure 2.8: Influence of moisture on the radar signal: Mean A-scans of the 6 cm CT1
screed recorded on different days after casting.
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Figure 2.9: Extracted signal features of 6 cm CT1 screed with corresponding numbering
in the legend (see Figure 2.5) and their correlation to the measured TS moisture profile
from Fig. 2.7

In general, the water dependent attenuation of the amplitude and frequency can be seen
on all related signal features. This is confirmed by the negative correlations on the right
hand side. In contrast, the travel-time related features show a positive correlation, which
can be explained by Eq. A.1. Since a higher water content leads to a higher permittivity,
the travel-time time increases as the drying progresses.
While the results shown for the 6 cm CT1 screed serve as a positive example for the majo-
rity of the recorded data set, problems of the automated evaluation will also be discussed
in the following. Here, the correct separation of DW and RW is the most error-prone
aspect. A strict separation is partly hindered by smaller specimen thicknesses or very dry
samples, causing both waves to interfere with each other. This leads to erroneous curves
especially for the frequency feature 5, as well as for the amplitude and time features 3 and
6, since the influence of the described effect is greatest here. To illustrate this problem,
Figure 2.10 shows the development of the recorded radar signals of a fast drying CA
screed (see Figure 2.7) with the disturbed signal features mentioned. While up to day 8
the correct first maximum of the reflection wave can still be detected and assigned, from
day 10 onward both waves interfere. This results in a more dominant maximum about
0.25 ns earlier, which is subsequently used for all further calculations of the features on
later measurement days. The recognizable deviations in the frequency feature and time
feature clearly show this, while the influence on the amplitude feature is already noticea-
ble from day 6.
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Figure 2.10: Mean A-Scans of the 6 cm CA1 screed on different days after casting and the
extracted signal features that are influenced by the interference between DW and RW.

Based on the successes and problems described in Figure 2.9 and 2.10, the peak-to-
peak amplitude and travel time features generally turned out to be the most robust for
moisture measurements on screeds. However, this is only true if they are picked outside
the transition range between DW and RW, which lies between the second maximum of
DW (at approx. 0.5 ns) and the first maximum of RW. Concerning this, the features
1, 4, 7, and 8 show consistently good correlations with the recorded moisture contents.
Features 3, 5, and 6, on the other hand, may be influenced by an interference between
DW and RW. Feature 2, the maximum frequency of DW is only slightly influenced by
the moisture content (compare the slightly sloped arrow at the minimum of the DW in
Figure 2.8), and shows a therefore more inaccurate correlation.

2.2.3 Multivariate Analysis on Entire Dataset

After investigating the behaviour of specific signal features on exemplary screeds, all test
specimens are now included for the prediction of their moisture contents, regardless of
their material type and thickness. Figure 2.11 shows the actual versus the (fitted and)
predicted moisture content by MLiR models with different combinations of input features
(visualized by the diamond shaped symbols as used in Figure 2.6).
In each plot, the screed’s material type and thickness are coded by the marker type and
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color, respectively. Knowing that, the governing parameter in the travel time feature (T)
in b) becomes obvious. As expected, the screed thickness naturally has an influence on
this feature, which makes it difficult to make a uniform moisture prediction for the en-
tire dataset. Also the neutron probe (S) ind d) shows an expected dependence on the
material type as well as on the thickness, which results in the poorest accuracy of all
models. The reflection wave (R) in c) also reveals a visible separation by color, indicating
an influence by the screed thickness. Here, longer travel distances of the reflection wave
lead to a higher attenuation, which causes an overestimation of the screed moisture. The
direct wave (D) in a) only penetrated the specimens superficially. Consequently, it is not
influenced by the thickness. However, the slight separation of CT1 suggests an influence
of the screed material.
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Figure 2.11: Actual vs. predicted moisture of MLiR models with different combinations
of input features (see also Figure 2.6)
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While the consideration of, once again, single signal features revealed interesting charac-
teristics when used for the whole data set, the multivariate approach provides consistently
good result. Except the combination of T, R, and S in h), all other models achieved high
adjusted R2 values above 0.95. It shows that the direct wave delivers an indispensable
value to a joint use of multiple features. Among all other features, it’s ability to provi-
de thickness independent moisture information is unique and therefore an advantageous
addition. However, also in general the use of more than one feature proves to be advan-
tageous for the prediction of screed moisture contents.

2.3 Summary and Conclusion

The generated reference for the observed drying process of each TS enabled to closely
investigate the suitability of GPR signal features and the neutron probe to measure the
moisture contents of screeds. The univariate analysis of GPR features from the literature
review revealed clear correlations to the screed’s moisture. Problems occurred for espe-
cially thin or dry specimens, which showed an interference of DW and RW. This mainly
affects all features related to the first maximum of the reflection wave (feature 3, 5, and
6 in Figure B.7). The second maximum of the reflection wave proved as robust against
possible interference, which is why its amplitude and travel time (feature 4 and 8) were
further investigated in an multivariate analysis together with the direct waves amplitude
(feature 1) and the scalar results of the neutron probe. Used as differently combined input
parameters for MLiR models to predict the moisture content regardless of the underlying
screed material or thickness, the features revealed specific characteristics and limitations.
Here, the direct wave turned out as a valuable information source to overcome the strong
dependence on the specimens thicknesses, which affects all other features. Nevertheless,
the use of more than one feature generally showed promising results with regard to an
sufficient sensitivity to the moisture content in screeds with unknown material parame-
ters.
The presented investigations and results provided the basic knowledge for the subsequent
investigations about moisture measurements on layered floor constructions. These will
be presented in two publications. The first deals with the laboratory measurements and
the subsequent methodology development to classify moisture damage cases on unknown
floor constructions. The second then deals with the validation of the developed methods
on five real on-site damage cases.
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B. Combining Signal Features of
Ground-Penetrating Radar to
Classify Moisture Damage in
Layered Building Floors

Abstract

To date the destructive extraction of drilling cores is the only possibility to obtain depth
information about damaging water ingress in building floors. The time- and cost-intensive
procedure constitutes an additional burden for building insurances, that already list piped
water damage as their largest item. With its high sensitivity for water, ground penetra-
ting radar (GPR) could provide an important support to approach this problem in a
non-destructive way. In this ongoing research project we study the influence of moisture
damage on GPR signals at different floor constructions. For this purpose, a modular spe-
cimen with interchangeable layers is developed to vary the screed and insulation material
as well as the respective layer thickness. The obtained data set is then used to investigate
suitable signal features to classify three scenarios: dry, damaged insulation and damaged
screed. It was found that analyzing statistical distributions of A-scan features inside one
B-scan allows an accurate classification on unknown floor constructions. Combining the
features with multivariate data analysis and machine learning was the key to achieve
satisfying results. The developed method lies the basis for upcoming validations on real
damage cases.
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B.1 Introduction

More than half of the building insurance claims in Germany (53%) are caused by piped
water damage, which entailed costs of over 3 billion Euro in 2019 alone [1]. One reason
for this, apart from generally ageing pipe systems, is that water leakage often remains
unrecognized until signs of degradation become noticeable. At that point the extent of
damage is already critical, which underlines the demand of an accurate determination
and localization of water ingress.
Neutron probes [2] are already successfully applied on building floors to localize the sour-
ce of damage and to identify affected areas. The radiated fast neutrons lose most of their
kinetic energy when colliding with low-mass atoms. This is especially true for hydrogen.
As a result, the fast neutrons are transformed into slow (thermal) neutrons, which are
then detected by a counter tube inside the probe. Given that, the method is highly sensi-
tive to moisture, however it cannot distinguish between chemically bound or fluid water.
Therefore, a calibration must be done by the destructive extraction of drilling cores. The-
se cores are also the only possibility to obtain additional information about the depth of
moisture penetration. This is a time- and cost-intensive procedure, especially for building
floors, where knowledge about the affected layer is essential to plan and perform efficient
renovations. Here, ground-penetrating radar (GPR) can serve as a suitable addition to
the neutron probe in order to classify common moisture damages in layered building
floors in a non-destructive way.
The sensitivity of GPR for water has already been proven in many publications, espe-
cially in geophysics [3, 4]. However, in civil engineering (CE), GPR is also increasingly
being applied for non-destructive moisture measurements on building materials like as-
phalt, concrete, and screed [5, 6, 7, 8, 9, 10]. Here, various methods have already been
established. However, their adequate use and suitability highly depends on the particular
case. Due to numerous possible uncertainties, like the given structure, installed materials,
and layer thicknesses, interpreting GPR results is not straightforward and requires the
expertise of trained personnel. These uncertainties often influence the same signal featu-
res that are used for moisture measurements (see section B.1.1). Here, relying on only one
feature, as it is done in most of the related publications [11], can lead to high uncertainty.
In contrast, this work pursues the strategy of combining different features, which allows
the use of multivariate data analysis. It aims to achieve an automated classification of
three scenarios: (1) the dry state, (2) damaged insulation, and (3) a damaged screed,
all of them on unknown floor constructions. This is accomplished by a machine learning
approach trained with novel radargram features that consider the spatial continuity of
the present damage. The features are extracted from an experimentally measured data
set, including varying materials and layer thicknesses. Before discussing the methodology
in section B.2, a short introduction to moisture measurements with GPR is given.

B.1.1 Moisture Measurement with GPR

Besides the mostly negligible conductivity and magnetic permeability, the electric permit-
tivity ε is the governing material parameter for moisture measurements with GPR [12, 13].
This gets particularly clear by comparing ε for dry concrete and water. Whereas the for-
mer lies between 2 to 9 [14], the latter shows values around 81. This difference causes
a significant rise for wet concrete (between 10 to 20), which influences various propa-
gation characteristics of the electromagnetic (EM) waves. By analyzing specific time-,
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amplitude-, or frequency-based features of the received signals, these water-related influ-
ences become measurable. A detailed review of those features typically used for moisture
measurement with GPR in CE is presented in [11]. However, a short overview is given in
the following.
First, the velocity v of an EM wave is directly related to ε. For non-magnetic conditions,
as it is usually the case in building materials, it can simply be calculated as follows [15, 14]:

v =
c√
ε
=

2D

T
, (B.1)

where c is the velocity of EM waves in free space, and T the two-way travel time in a
material with the thickness D. Comparing the dry state of a material, sent and reflec-
ted pulses are received later for rising moisture content. Furthermore, the intensities and
thus the measured amplitudes are reduced due to higher attenuations, caused by general-
ly increased conductivity and more frequently occurring scattering events on water-filled
pores. Filled pores also lead to Rayleigh scattering [16], which is one way to explain the
observable shift of the received signals to lower frequencies for higher moisture content.
Another explanation is given with the presence of dielectric dispersion, presented in the
popular models of Debye [17] and Cole–Cole [18]. It describes the rising imaginary part
of ε and the resulting absorption of higher-frequency components close to the relaxation
frequency, which is 10 GHz to 20 GHz for free water [15, 19], but can be smaller for
porous materials.
Another important characteristic of EM waves is the occurrence of reflection and transmis-
sion on material boundaries with different permittivities. With ε1 and ε2 of two mediums,
an EM wave travelling from medium 1 to medium 2 is reflected by the amount of the
reflection coefficient r ∈ [−1, 1], which is calculated as follows [20]:

r =

√
ε1 −

√
ε2√

ε1 +
√
ε2

(B.2)

Therefore, the amplitude of a reflection wave (RW) is highly influenced by the boun-
dary’s permittivity contrast, from which it originates. Figure B.1 shows this simplified
ray-based principle with an exemplary screed plate above air, forming such a permittivity
contrast. It also presents the usually performed collection of multiple reflection signals
(A-scans) along a survey line, whereas the offset between the transmitter (T) and receiver
(R) stays constant (common-offset configuration). The recorded A-scans can then be com-
bined in a radargram (B-scan) that offers the opportunity to visualize spatial deviations
caused by inhomogeneities, like the presence of reinforcements or water-damaged areas.
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Figure B.1: Principle of GPR. Multiple A-scans collected along a survey line form a B-
scan.

The most dominant wave-type in an A-scan is the direct wave (DW), which travels
the shortest path between T and R and is therefore recorded first. As shown, it is a
superposition of an air and a ground wave and is generally used as a time reference for
the following RW, since the moment of emitting the pulse (time zero) is unknown [21].
Typical signals and their respective features measured on layered floor constructions are
discussed in section B.2.5.

B.2 Materials and Methods

Figure B.2 shows the general procedure of the work presented in this section. After intro-
ducing the designed modular test specimen in section B.2.1, the conducted experiments
to obtain a dataset of three damage scenarios are discussed in the sections B.2.1–B.2.4. In
section B.2.5, various features are extracted to train and test different classifiers, which
are shown in section B.2.6.

Modular test specimen
Insulation damage

84 x 2 measurements

Dry
84 x 2 measurements

Screed damage
84 x 2 measurements

Dataset
504 measurements

Feature extraction
Classififcation

training and test

2.1 2.1 – 2.4 2.5 2.6

Figure B.2: Schematic of the work steps presented in section 2 divided by their respecti-
ve subsections.
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B.2.1 Modular Test Specimen

To study multiple different floor constructions, we designed a modular specimen (Fi-
gure B.3), in which the screed and insulation layer can be exchanged in various ways
according to the requirements of the experiment. The inner dimensions of 84 cm length,
84 cm width, and 30 cm height ensure sufficient space for the individual square-shaped
parts with an edge length of 80 cm. Table B.1 shows the variations of the chosen materials
and their thicknesses that are believed to cover most floor setups in practice. Polyethylene
(PE) foil is used to create a moisture barrier above and below the insulation. The influ-
ence of the laminate flooring and the concrete base layer on the presented classification
method is considered to be negligible compared to the screed and insulation layer. The-
refore, and with regard to the experimental effort, the flooring and base layer remained
unchanged for the entire test series.
The cement and anhydrite screed were both chosen with the popular compressive strength
C25 and the consistency class F5. The production process was carried out as instructed
by the manufacturer. To guarantee efficient handling of the 60 kg to 100 kg heavy spe-
cimens, threaded sleeves were embedded in each corner. This allowed the temporary use
of ring bolts to lift the plates.
The amount of different materials and thicknesses (Table B.1) allows for the simulation
of 84 different floor constructions for each of the three scenarios (252 setups in total).
The experimental implementation of water damage in the insulation and screed layer is
described in the following sections.

Figure B.3: Modular test specimen with screed, insulation, and concrete base layer.

B.2.2 Water Damage in Insulation Layer

To evaluate the resulting damage of added water, HIH-5030 humidity sensors were em-
bedded in the insulation material, as shown in Figure B.4. For EP, XP, and GW, this was
accomplished with drilling holes of 3 cm diameter and depths varying from 50% to 75%
of the respective insulation thickness. Top sealing was attained with waterproof tape.
For the fine-grained PS, drilling holes were not necessary because the sensors could be
placed easily.
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Table B.1: Used materials and layer thicknesses for the screed (top) and insulation layer
(bottom).

Material Thickness D [cm] Density [g·cm−3] Porosity* [%]

Cement screed (CT) 5, 6, 7 1.92 20.76
Anhydrite screed (CA) 5, 6, 7 2.05 27.18

Expanded polysterene (EP) 2, 5, 7, 10 0.027 -
Extruded polysterene (XP) 2, 5, 7, 10 0.037 -
Glass wool (GW) 2, 6, 10 0.061 -
Perlites (PS) 2, 6, 10 0.092 -

* Measured with mercury intrusion porosimetry.

S1

S2

S4

S3 S5

DAQ

%

Insulation joint

III

III IV

Figure B.4: Evaluation of the resulting insulation damage through the use of embedded
humidity sensors.

After adding equal amounts of water in all four sides of the setup, the moisture could
spread for at least 12 hours to ensure stable conditions. In practical investigations, a thres-
hold of 80 % relative humidity is often considered as an adequate reason for renovations,
since it provides optimum growth conditions for mould [22]. Following that, a setup was
labeled as ’damaged’ only if all three sensors S3 to S5 exceeded this critical value. The-
reafter, the measurement procedure, which is discussed in section B.2.4, was conducted
for each of the six screeds.

B.2.3 Water Damage in Screed Layer

The quantification of screed moisture was carried out using the direct Darr method [23],
which captures the loss of water by weighing samples before and after an oven-drying
procedure. With the wet sample weight Ww and the dry sample weight Wd, the dry basis
moisture content Md is calculated as follows:

Md =
Ww −Wd

Wd

(B.3)

Moisture content above 4 weight percent (wt%) and 0.5 wt% were valued as dama-
ge for cement and anhydrite screed, respectively. Due to preliminary investigations of
the screed’s hydration process, Wd was already known for each sample. Consequently,
the sample’s moisture content could be obtained by measuring Ww only. With 1.7 wt%
to 2.3 wt% for CT and around 0.1 wt% for CA, these were rather low before simulating
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the damage. Therefore, we first flooded each sample by submersing them in water for
30 minutes (CT) or 10 minutes (CA). The moisture could then spread and evaporate
for at least 2 days before the actual damage was induced. In consideration of practical
screed damage that usually occurs after flooding from above, we then constantly pou-
red water on top of the plates for 10 minutes. Besides continually weighing the samples,
additional nuclear magnetic resonance (NMR) measurements were performed with the
MOUSE [24, 25] to obtain depth-resolved moisture distribution during the described sa-
turation process. Figure B.5 presents the exemplary NMR results with their respective
water content measured on the 5 cm thick CT and CA screed.
Compared to CA, the CT screed shows an unbalanced water ingress for the sample’s top
and bottom side after the submersion. We explain this with a lower porosity of CT, not
allowing the air in the bottom to be displaced towards the upper areas. The porosity also
allows the water to spread more in CA after two days of rest. Nevertheless, sprinkling
the samples resulted in quite a similar moisture distribution for both screed types with
sufficiently high moisture content to be labeled as damage. After that, the screed was
measured with all 14 insulation setups.

Figure B.5: NMR measurements showing the depth-resolved moisture distribution during
the saturation process of the 5 cm CT (left) and CA (right) screed.

B.2.4 Hardware and Measurement Procedure

The GPR measurements were carried out with the SIR 20 from GSSI and a 2 GHz an-
tenna pair (bandwidth 1 GHz to 3 GHz) in common-offset configuration. As shown in
Figure B.6, the ground-coupled antenna pair is moved along two defined 40 cm survey li-
nes that run from quadrant IV to I (1) and along the insulation joint (2). These joints were
present for EP, XP, and GW, though not for the fine-grained PS. With 250 scans/meter,
each survey line includes 100 A-scans to form one B-scan. An A-scan contains 512 samp-
les covering a 11 ns time window.
Furthermore, each floor construction was investigated with a Troxler neutron probe pla-
ced in the setup center. To reduce the influence of individual deviations, 10 successive
measurements with a respective time interval of 15 seconds were averaged.
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Figure B.6: Measurement procedure with 40 cm long radar survey lines 1 and 2. The neu-
tron probe is placed in the center of the construction.

B.2.5 Feature Extraction

A-Scan Features

As discussed in section B.1.1 previously, there are several signal features enabling the
measurement of water with GPR. Before presenting the ones chosen in this work, it is
important to understand the typical signal shapes that occur on layered floor constructi-
ons. Figure B.7 gives an exemplary A-scan showing three prominent amplitude peaks and
their respective origin in the setup. Since the direct wave (ADW ) partly travels through
the superficial ground, it is influenced by the underlying nearest materials, here by the
floor cover and the screed. The first reflection arises from the border between screed
and insulation and is mostly recognized in the second dominant amplitude peak ARW1.
After that, ARW2 shows the second reflection’s amplitude, originating from the insulation-
concrete interface below.
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𝑡𝑅𝑊2𝑡𝑅𝑊1𝑡𝐷𝑊

Figure B.7: Exemplary A-scan with three prominent amplitudes influenced by present
material interfaces.

All described reflection waves can interfere, especially for dry or thin layers, where resul-
ting higher velocities or short traveling paths impede a clear separation in time. This is
also why quantitative statements about actual water content cannot be reliable for such
layered floor constructions. However, classifying the investigated scenarios is still possible
and will be performed with the following signal features:
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• Feature F1: ADW - Amplitude of direct wave [7, 6, 8]

• Feature F2: ARW2 - Amplitude of second reflection [7, 6, 8]

• Feature F3: fRW2 - Dominant frequency of second reflection (STFT) [26]

• Feature F4: ARW1/ADW - Ratio between the amplitudes of first reflection and direct
wave [9]

• Feature F5: fRW1/fDW - Ratio between the dominant frequencies of first reflection
and direct wave

The presented signal features cover all relevant signal parts, with insulation damage most-
ly influencing the second and first reflection and screed damage causing variations in the
first reflection and the direct wave. However, the same features are also influenced by
underlying layer thicknesses and different material types. Therefore, another preproces-
sing step is needed to overcome these construction-specific dependencies, which will be
achieved by the B-scan features presented in the following section.

B-Scan Features

To achieve a damage classification independent of the underlying floor construction, we
calculate the following scalar statistical values for each 1 × 100 A-scan feature vector F⃗1

to F⃗5, each including the respective feature elements F1 to F5 for all 100 A-Scans within
one B-scan.

• Feature FA: Standard deviation of F⃗1

• Feature FB: Standard deviation of F⃗2

• Feature FC : Span of F⃗3

• Feature FD: Standard deviation of F⃗4

• Feature FE: Span of F⃗5

These measures for statistical distributions along a recorded survey line are motivated
by the assumption that water damage often shows inhomogeneous deviations inside the
respective B-scan. Such deviations can also be suitable to evaluate the spatial continuity
of present damage. Both findings were generally recognized during our studies and will be
discussed in the results section B.3. For the lower resolved frequency features, the span
is expected to achieve better variance compared to the standard deviation, which works
well on amplitude features with a higher resolution and range of values.
Figure B.8 summarizes the discussed processing steps including the extraction of A-scan
feature vectors out of B-scans and the following reduction to scalar B-scan features.
The values shown for FA to FE are derived from the depicted A-scan feature plots (nor-
malized by their means). They do not represent the actual values that were used for
classification, since those were standardized with the StandardScaler function from the
Scikit-Learn library. It does a mean removal for all features and scales them to unit va-
riance, which is usually required by the classifiers discussed in section B.2.6. Regarding
the magnitudes of amplitude, time, and frequency values, which are widely apart from
each other, this step is necessary to avoid a baseless and unwanted dominance of certain
features during the training process.
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Figure B.8: Processing steps to extract A- and B-scan features.

Feature Selection

The choice of this specific A- and B-scan feature set was made based on the achieved
scores using the univariate feature selection method SelectKBest from the Scikit-Learn
library in Python [27]. Using the f classif scoring function, it estimates the degree of
linear dependency between random variables (here, the features and damage scenario)
by using the F-test. The five features presented before performed best in a set of 22
potential features including amplitude, time, and frequency values/ratios of each relevant
reflection type in Figure B.7. To avoid the use of insufficient input variables, which would
impede efficient computation, only these five features were used to train the classifiers
(next section), and all others were discarded. The respective scores of the chosen feature
set will be shown in section B.3.2.

B.2.6 Classification of Damage Scenarios

With 84 different floor constructions for each of the three scenarios and two survey lines
measured, a data set of 504 B-scans was produced, from which the features mentioned
above were extracted. With this data, we trained the following four classifiers in standard
configuration (default parameters only), which are all included in the Scikit-Learn library.
The default parameters can be found in the respective documentation (e.g., default kernel
of SVM: radial basis function):

• Multinomial logistic regression (MLR)

• Random forest (RF)

• Support vector machine (SVM)

• Artificial neural network (ANN)

The ANN consisted of two hidden layers with five neurons each (according to the number
of features). To get a statistical comparability of the accuracies achieved, a k = 20-fold
cross-validation was applied for all classifiers using the cross val score function from
Scikit-Learn. Here, the parameter cv (cross-validation generator) was defined with Shuffle-
Split(n splits=20, test size=0.2, random state=0) which produces 20 random splits of
training and test data sets with a size of 80% and 20%, respectively. All classifiers were
cross-validated with the same set of splits, which includes 20 consecutive training and
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test procedures for each classifier. The results were then statistically evaluated (mean and
standard deviation) and are shown in section B.3.2. However, before discussing the clas-
sification, an impression of the collected data shall be given with exemplary measurement
results from the experiments.

B.3 Results

B.3.1 Measurements at Modular Specimen

Figures B.9 and B.10 show the measurement results of all three scenarios at one respec-
tive floor construction. The first covers the configuration of a 7 cm CT screed combined
with a 10 cm EPS insulation. The B-scans on top also contain text information about
the underlying moisture states of screed and insulation, as well as the performed neutron
probe measurement. All exemplary radar results were collected along survey line 1 (see
Figure B.6).
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Figure B.9: Measurements at a 7 cm CT and 10 cm EPS floor construction for the
scenarios: (a) Dry, (b) damage insulation, and (c) damage screed. The bottom (d–f)
shows the respective A-scan vector plots for each B-scan (top).

According to the general assumption mentioned in Section B.2.5, the dry measurement in
(a) has a homogeneous reflection pattern, whereas the two damage scenarios in (b) and
(c) present clear deviations at specific time-spans. For the insulation damage in (b), we
see amplitude changes in the second (RW2) and third (RW3) reflection around 2.5 ns to
3 ns, which come from the affected layer. Water added to EPS usually gathers inside the
insulation joints, and from there, it slowly penetrates the material. Therefore, the areas
of higher attenuation were located horizontally around the survey line’s center, where
the joint is crossed. These deviations become even clearer by considering the respective
A-scan feature vector plots below each B-scan. Compared to the relatively flat lines for
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the dry measurement in (d), F2 (ARW2) particularly shows significant variations in (e),
which is also captured by an increased standard deviation (FB). These deviations are
not immediately recognizable in the B-scan, since the third reflection RW3 shows a mo-
re significant variance. Insulation of 10 cm thickness usually developed two reflections,
whereby the latter and therefore third reflection was not covered by the used feature set.
However, due to their interference, RW2 also experienced a change in amplitude and is
therefore suitable for recognizing damage. Since the neutron probe is more sensitive to
moisture closer to its radiation source, a small amount of water inside the insulation is
not sufficient to cause a significant increase.
In the case of screed damage in (c), the water induces deviations which appear in earlier
time-spans, like in the direct wave DW or the first reflection RW1. As shown in Figu-
re B.5, all screed samples were poured from above, which is why the DW experiences a
significant drop in its amplitude compared to other scenarios. ADW is especially sensiti-
ve to superficial material properties and is therefore an appropriate feature to recognize
flooding damage. In this case, F4 being the ratio of ARW1 and ADW shows a high dynamic
in (f). This is also because an unexpected reflection occurs at around 1.4 ns right after
the direct wave, which was not present in other scenarios. The reason could be a steep
water gradient providing a strong permittivity contrast and therefore a new reflector.
This assumption is supported by the highest NMR amplitude measured for the 7 cm CT
among all screeds, which was around 90 at the sample’s surface. The other screeds had
values of around 60 and did not show an extra reflection (compare Figure B.10). Here,
the new reflection at around 1.4 ns is interpreted as RW1, whereby the former RW1,
originating from the screed bottom, is then seen as RW2. After a decrease of ARW1 bet-
ween A-scans 50 and 65, it completely disappears between 70 and 80, causing a shift in
reflection-counting. This leads to dominant jumps for F2 and F4, which cause an increa-
sed standard deviation and support the feature’s sensitivity for water-induced deviations.
The neutron probe is also capable of recognizing the increased moisture content with a
difference of 4 digits compared to the dry measurement.
Figure B.10 gives another example of a 5 cm CA screed and 6 cm GW floor construction.
As before, the dry scenario in (a) shows a flat reflection pattern compared to notable
deviations in the second reflection caused by a damaged insulation (b). Like with EPS,
the water tended to accumulate in the joints between the GW plates and was slowly
absorbed by the material. In this case, it formed a stronger permittivity contrast on the
insulation’s bottom, which resulted in an increased reflection amplitude in the survey
line’s center (see Equation (B.2)). This gets especially clear by considering Figure B.11,
in which parts of the GW insulation (measured by survey line 1) are shown. As all three
plates were flipped by 90 degrees, the bottom edge belongs to the insulation joint between
quadrants IV and I. The fact that only the first and lowest plate 1 shows marks of water
ingress at this specific edge underlines the explanation of a strong permittivity contrast,
which forms a thin reflector above the concrete plate. In this case, the neutron probe
measures a slight increase due to an overall lower depth of the setup.

Another interesting difference to the example before can be seen in the damaged screed
scenario (c), which is even more representative for the whole measured data set. Like with
all other screeds (except the 7 cm CT) the induced moisture damages appear compara-
tively homogeneous and do not show the expected deviations. This can be explained by
an evenly distributed moisture gradient throughout the whole sample. The most domi-
nant influence is the overall reduced amplitude for DW, RW1, and RW2, which becomes
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Figure B.10: Measurements at an 7 cm CA and 6 cm GW floor construction for the
scenarios: (a) dry, (b) damage insulation and (c) damage screed. The bottom (d–f)
shows the respective A-scan vector plots for each B-scan (top).

clear by comparing the dry scenario. However, it is not a clear indication for water wi-
thout this prior knowledge. Nevertheless, by considering the values of FA, FD and FE in
(f), small increases can be registered, which might be sufficient to recognize the damage
by trained classifiers. The validity of this statement shall be reviewed in the following
section. Again, the screed damage is more visible for the neutron probe than moisture in
the insulation layer.

1 2 3 3
2
1

6 cm0 cm – 2 cm 2 cm – 4 cm 4 cm – 6 cm

Figure B.11: Water ingress (dark dyeing) in the 6 cm GW insulation. The pictures show
the respective bottom of each used insulation plate (40 cm × 40 cm × 2 cm) in qua-
drant IV.
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B.3.2 Damage Scenario Classification

Table B.2 shows the achieved mean accuracies with the standard deviation of all trained
classifiers mentioned in section B.2.6. By using the features presented in section B.2.5, all
algorithms were capable of correctly recognizing 84.3% to 88.3% of the considered dama-
ge scenarios, without further knowledge about the underlying material or layer thickness.
With regard to the broad variations considered in this data set, these accuracies are quite
satisfying. To provide a better understanding of the presented results, Figure B.12 shows
confusion matrices containing each used classifier for the individual layer thicknesses of
insulation and screed.
For a perfect classification with 100% accuracy, all confusion matrix cells (entries) except
the main diagonal would be zero, which means that every scenario would have been clas-
sified correctly. Knowing that, the highest deviation of that perfect case gets immediately
visible in Figure B.12, which lies in the mid column of the top left matrix. It shows that
more than half of the measured scenarios with a damaged insulation of 2 cm thickness
were classified as dry. This can be explained by the low amount of water (around 0.5 L),
that was necessary to cause relative humidities above 80%. Especially for GW and PS, the
inserted water was absorbed by the outer edges and did not penetrate into measured are-
as. As a reference, Figure B.13 again shows the flipped GW plate after the measurement
with no signs of water ingress on the bottom edge (insulation joint between quadrant
IV and I). Due to the significant number of unaffected B-scans, the classification results
in Table B.2 also show the accuracies for the excluded 2 cm insulation. All classifiers
achieved a higher score and comparable standard deviations.

Table B.2: Statistical comparison (k = 20-fold cross-validation) of the achieved accuracies
for all trained classifiers.

Classifier Accuracy (%) Accuracy* (%)
Mean Std Mean Std

MLR 86.4 3.0 89,7 3.1
RF 88.3 3.7 92.2 2.6
SVM 84.3 3.3 86.6 3.9
ANN 88.2 3.6 93.5 2.5

* Cases with insulation depth of D = 2 cm excluded.

Additionally, for insulations of 6 cm thickness which only included GW and PS, the re-
spective confusion matrix contains 8.3% to 37.5% false-negatives for damaged insulations.
Since the GW of 6 cm already showed a measurable influence in Figures B.10 and B.11,
the wrongly classified scenarios are located in the PS data set. In fact, survey line 1 for
PS of 6 cm thickness presents a smooth reflection pattern, which is exemplarily shown
in Figure B.14 b). Unfortunately, the structure of PS did not allow referencing pictures
like for GW; however, the similarity between dry and damaged insulation suggests that
no water penetrated in the measured area.

63



Tim Klewe Paper B Appl.Sci.

Ins. D = 2 cm ^ Dry
^ Dmg. 

Insulation
^ Dmg. 
Screed

Ins. D = 5 cm ^ Dry
^ Dmg. 

Insulation
^ Dmg. 
Screed

100,0% 0,0% 0,0% 100,0% 0,0% 0,0% MLR
100,0% 0,0% 0,0% 95,8% 4,2% 0,0% RF
100,0% 0,0% 0,0% 100,0% 0,0% 0,0% SVM
97,9% 2,1% 0,0% 100,0% 0,0% 0,0% ANN
55,3% 38,3% 6,4% 0,0% 100,0% 0,0%

53,2% 44,7% 2,1% 4,2% 95,8% 0,0%

59,6% 34,0% 6,4% 0,0% 100,0% 0,0%

44,7% 48,9% 6,4% 0,0% 100,0% 0,0%

12,5% 0,0% 87,5% 8,3% 0,0% 91,7%

6,3% 0,0% 93,8% 4,2% 0,0% 95,8%

16,7% 0,0% 83,3% 16,7% 0,0% 83,3%

2,1% 0,0% 97,9% 0,0% 0,0% 100,0%

Ins. D = 6 cm ^ Dry
^ Dmg. 

Insulation
^ Dmg. 
Screed

Ins. D = 7 cm ^ Dry
^ Dmg. 

Insulation
^ Dmg. 
Screed

91,3% 8,7% 0,0% 78,3% 17,4% 4,3%

87,0% 8,7% 4,3% 91,3% 8,7% 0,0%

95,7% 4,3% 0,0% 87,0% 13,0% 0,0%

78,3% 21,7% 0,0% 78,3% 21,7% 0,0%

29,2% 70,8% 0,0% 0,0% 100,0% 0,0%

37,5% 62,5% 0,0% 4,3% 95,7% 0,0%

29,2% 70,8% 0,0% 0,0% 100,0% 0,0%

8,3% 91,7% 0,0% 8,3% 91,7% 0,0%

12,5% 4,2% 83,3% 8,3% 0,0% 91,7%

8,3% 0,0% 91,7% 4,2% 0,0% 95,8%

12,5% 4,2% 83,3% 8,3% 0,0% 91,7%

0,0% 0,0% 100,0% 0,0% 0,0% 100,0%

Ins. D = 10 cm ^ Dry
^ Dmg. 

Insulation
^ Dmg. 
Screed

 Scr. D = 5 cm ^ Dry
^ Dmg. 

Insulation
^ Dmg. 
Screed

100,0% 0,0% 0,0% 91,1% 8,9% 0,0%

100,0% 0,0% 0,0% 96,4% 3,6% 0,0%

100,0% 0,0% 0,0% 92,9% 7,1% 0,0%

95,8% 0,0% 0,0% 85,7% 14,3% 0,0%

12,5% 87,5% 0,0% 23,2% 75,0% 1,8%

6,3% 93,8% 0,0% 35,7% 62,5% 1,8%

8,3% 91,7% 0,0% 25,0% 73,2% 1,8%

2,1% 97,9% 0,0% 19,6% 78,6% 1,8%

10,4% 0,0% 89,6% 23,2% 0,0% 76,8%

6,3% 0,0% 93,8% 16,1% 0,0% 83,9%

14,6% 0,0% 85,4% 23,2% 0,0% 76,8%

4,2% 0,0% 95,8% 5,4% 0,0% 94,6%

 Scr. D = 6 cm ^ Dry
^ Dmg. 

Insulation
^ Dmg. 
Screed

 Scr. D = 7 cm ^ Dry
^ Dmg. 

Insulation
^ Dmg. 
Screed

100,0% 0,0% 0,0% 96,4% 1,8% 1,8%

100,0% 0,0% 0,0% 92,9% 5,4% 1,8%
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96,3% 1,9% 1,9% 92,9% 7,1% 0,0%
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23,6% 76,4% 0,0% 21,8% 74,5% 3,6%

10,9% 87,3% 1,8% 12,7% 85,5% 1,8%

0,0% 0,0% 100,0% 8,9% 1,8% 89,3%

0,0% 0,0% 100,0% 1,8% 0,0% 98,2%
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Figure B.12: Combined confusion matrices for the individual insulation (green) and screed
(gray) thicknesses considered in the experiment. The classifier’s accuracies within one cell
are presented in the same order as in Table B.2. Rows and columns include the actual
and the predicted (ˆ) scenario, respectively. The blue confusion matrix summarizes the
overall accuracies for each scenario.
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1 2 cm
0 cm – 2 cm

1

Figure B.13: Water ingress (dark dyeing) in the 2 cm GW insulation. The picture shows
the bottom of the used insulation plate (40 cm × 40 cm × 2 cm) in quadrant IV.
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Figure B.14: Measurements at a 6 cm CT and 6 cm PS floor construction for the scenarios:
(a) dry, (b) damaged insulation, and (c) damaged screed. The bottom (d–f) shows the
respective A-scan vector plots for each B-scan (top).

In general, most of the wrong classifications are false-negatives, which are represented by
entries left of the main diagonals. Besides the mentioned reasons for damaged insulations,
the damaged screed scenario also shows around 5% to 20% of measurements that were
classified as dry in nearly every confusion matrix. With regard to the mostly homogeneous
reflection patterns shown in Figures B.10 and B.14, these results are rather satisfying.
It shows that even the slight deviations in FA, FD and FE, as discussed in the previous
section, are mostly sufficient to recognize the considered screed damages.
Overall, the four used classifiers achieved similar accuracies in all matrix entries. Only the
damaged screed scenario reveals a more significant trend with a comparatively poorly-
performing SVM, while ANN shows the best results.
Looking at the achieved scores of each extracted feature can give a better insight into
the data’s structure and their decisive components. Table B.3 points out FB as the best-
performing feature, followed by FC and FA.
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Table B.3: Achieved scores of the applied B-scan features.

Feature Origin in A-Scan Score

FA ADW 0.61
FB ARW2 1.0
FC fRW2 0.95
FD ARW1/ADW 0.48
FE fRW1/fDW 0.41

The reasons for these scores become clearer by considering the selected scatter plots
in Figure B.15 with standardized values. Combining the best-performing, RW2-related
features FB and FC shows a good separation of the damaged insulation scenario with a
broad distribution of possible values. However, due to the discussed appearance of smooth
reflection patterns, the damaged screed is mostly indistinguishable from the dry scenario.
In this case, features regarding DW and RW1 are obviously more decisive, which can be
seen by a better separation in the middle and left scatter plot. However, the separation
is not that clear as for the damaged insulation with FB and FC , which explains the
comparatively lower scores. The blue outliers belong to the 7 cm CT screed shown in
Figure B.9, where the extra reflector caused an unusually strong deviation in FD.

Figure B.15: Scatter plots showing the feature combination of FB & FC (left), FB & FD

(middle) and FD & FE (right).

B.4 Discussion

The results show that the proposed method regarding the horizontal distribution of spe-
cific A-scan features in one B-scan is suitable to classify moisture damages in unknown
floor constructions. In a data set of 504 B-scans covering 252 different experimental se-
tups, 84.3% to 88.3% of the scenario’s dry, damaged insulation, and damaged screed
were recognized correctly by the trained classifiers. A closer investigation of the produced
false-negatives often revealed the measurement of undamaged areas which underlines the
method’s sensitivity and suggest even higher accuracies. In particular, the combination of
amplitude and frequency features covering all relevant reflections in the GPR signal con-
tributed to the successful results. Therefore, this study generally proposes an enhanced
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use of multivariate data analysis when performing moisture measurements with GPR.
The presented method also worked well as a supporting procedure for the neutron probe.
In particular, moisture inside the insulation layer was mostly undetected by the sole use
of the radiation measurement, whereas GPR achieved a satisfying sensitivity.
Since the data set only contained laboratory measurements under controlled conditions,
the method still needs to be validated in practical on-site investigations of real damage
cases. Here, unknown parameters like an unstable layer thickness or obstructive floor
heating pipes could lead to misinterpretations which might produce an increased number
of false-positive classifications. Upcoming works by the authors will address these questi-
ons. If satisfying accuracies can be achieved, the method will be capable of significantly
reducing the need for destructive drilling cores to classify underlying damage scenarios,
and therefore cut the costs of renovations.
Further, potential optimizations could be investigated regarding the classifiers’ configu-
rations, since only default parameters have been used so far. In addition, the use of
deep learning (ANN) to automatically extract novel, relevant features out of radargrams
(b-scans as input parameter) can be examined with the obtained dataset.
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C. Classification of On-Site Floor
Moisture Damage with GPR -
Limitations and Chances

Abstract

Machine learning in non-destructive testing (NDT) offers a significant potential to effi-
ciently perform daily data analysis or to reveal yet unknown relationships in persisting
problems. However, the successful application highly relies on a diverse and labeled trai-
ning data base. In most cases, this is not guaranteed, which often questions the transfe-
rability of trained algorithms on new data.
To closely investigate this problem, the authors apply classifiers, which were trained by
laboratory Ground Penetrating Radar (GPR) data to categorize on-site moisture damage
cases in layered building floors. Investigations were carried out at five different locations
in Germany. As a reference, drilling cores were extracted for each measurement point.
They were labeled as (i) dry, (ii) with insulation damage, or (iii) with screed damage.
Compared to the accuracies of 84 % to 90 % within the laboratory training data (504
B-Scans), the classifiers achieved only a poor overall accuracy of 53 % for the investigated
on-site data (72 B-Scans). The main problems were caused by overfitting small deviations
between laboratory measurements on dry floors and screed damages. For this reason, the
generally more heterogeneous and dynamic on-site data was falsely classified in most of
the cases. Nevertheless, this study still demonstrates a promising sensitivity of the applied
signal features for each individual damage case. Especially the results showing insulati-
on damage, which cannot be detected by any other non-destructive method, revealed
characteristic patterns. The accurate interpretation of such results still relies on trained
personnel, whereby fully automized approaches require a much bigger and diverse on-site
data basis. Until then, the findings of this work contribute to a more reliable analysis
of moisture damage in building floors by the use of GPR and give practical insight into
the application of machine learning within non-destructive testing in civil engineering
(NDT-CE).
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C.1 Introduction

Non-destructive testing in civil engineering (NDT-CE) often deals with the investigation
of large areas, including various, local events of damage. Such examinations produce a lar-
ge amount of data that require an extensive analysis by experienced personnel. Applying
machine learning methods could help to not only accelerate these processes but may also
provide further insight into the data structure and into yet unknown relationships within
NDT-CE. However, the successful use of these emerging techniques requires a profound
and diverse training data base. Compared to the popular and successful examples within
computer vision applications like autonomous driving or facial recognition, the availabi-
lity of labeled non-destructive testing (NDT) data is often limited, which implies the risk
of an insufficient representation of the space of possibility [1]. Unfortunately, referencing
training data for machine learning is not always straight forward for NDT-CE. This work
approaches these problems and questions by producing referenced training data within
laboratory conditions to classify new, also referenced on-site measurements. The valida-
tion and its results shall give practical insight into the application of machine learning
in NDT-CE. The study was conducted on moisture damage in layered building floors,
which present a relevant research question.
Between 2000 and 2020, the annual costs of pipe water damage in Germany increased by
165 % to the latest amount of 3.3 billion Euro [2]. In the event of a moisture damage,
the actual extend often remains unrecognized, causing a costly deterioration of building
structures. The additionally increased risk of mould threatens the health of residents
[3, 4], which underlines the importance of a fast and precise damage diagnosis.
For pipe water damage, building floors are the most affected structure, since they either
include the broken pipe system within their insulation, or are flooded from above. This
results in two primary damage cases: a wet insulation or a wet screed. Moisture barriers
in form of polyethylene foils generally prevent the water transfer between both layers.
However, in the rare case of a poor functionality, also both layers may be damaged si-
multaneously. Knowledge about the presence and distribution of these different damage
cases is of high importance to perform an efficient and effective repair.
Most of the common, non-destructive moisture measurement techniques [5, 6], like resistivity-
based, capacitive, or thermal methods, are not suitable for a comprehensive investigation
of building floors. They only obtain moisture information about superficial areas or may
be impeded by the layered structure. Furthermore, floor structures often include a flooring
on top of screed and insulation, which may disturb the informative value of the applied
method. Especially the moisture state of the insulation, which lies deepest, is unreco-
gnized by most methods and presents a particular challenge when performing moisture
investigations on building floors.
A suitable exception are Neutron probes [7], as they are capable to achieve penetration
depths of close to 30 cm. However, they only deliver integral measurements of the inves-
tigated area and cannot provide depth-resolved information. Further, it is not possible to
distinguish between chemically bound and liquid water, which is why the time and cost
intensive extraction of drilling cores is necessary to calibrate the data.
So far, Ground Penetrating Radar (GPR) is the most promising non-destructive method
to enable the valuable depth information that is necessary to classify moisture damage in
building floors. Commonly used in geophysics [8, 9], it is increasingly applied in civil en-
gineering (CE) [10, 11], also to perform moisture measurements on building materials like
asphalt, concrete, bricks, and screed [12, 13, 14, 15, 16, 17, 18, 19, 20]. A short overview
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about the principle of moisture measurements with GPR is given in the following.

C.1.1 Moisture Measurement with GPR

By transmitting and receiving electromagnetic (EM) waves, GPR represents a suitable
and sensitive method for material moisture measurement. Here, the electric permittivi-
ty ε is the considerable material parameter [21, 22], which is highly influenced by the
amount of water present within an investigated area. This is explained by the high con-
trast of ε between a dry building material like concrete and water, lying between 2 to
9 [23] and 81 [24], respectively. An increased moisture content therefore causes higher
electric permittivities of a medium, rising up to 10 to 20 for wet concrete. This has a
significant influence on the propagation characteristics of EM waves, causing measurable
lower amplitudes, longer travel times and lower frequencies of the received signals. When
analyzing the measured data, extracting these features can therefore be used to give state-
ments about underlying moisture contents. A specific review is given in [25], providing
further literature about various applications of GPR for moisture measurements in CE.

C.1.2 Preceding Laboratory Study

To investigate common damage cases in floor constructions with GPR, a laboratory study
was conducted and presented in the former publication of Klewe et al. [26]. Here, a
modular specimen, shown in Figure C.1, was used to enable an interchangeable test
setup. With that, the diverse practice of real floor construction was modeled by varying
the layer thicknesses and materials of the screed and insulation layer, as listed in Table
C.1.
The experimental program included the simulation of the three scenarios to be classified:
(i) dry, (ii) insulation damage, and (iii) screed damage. Each scenario was investigated
on 84 different floor constructions, which resulted in a data set of 252 measurements or
504 B-scans (each measurement included two orthogonal survey lines). The obtained data
set then provided the basis to develop an identification strategy by extracting significant
features, by which different classifiers were trained. The same features and classifiers are
also used in this work and will be shortly presented later in C.2.2.
In the preceding study, high classification accuracies of 84 % to 88 % were achieved, which
showed the general potential and suitable sensitivity of GPR to identify different moisture
damage scenarios in building floors. Whether the developed methods and further findings
can be directly applied on real damage cases is yet to be answered and therefore the key
question of the following on-site study.

C.2 Methods

C.2.1 On-Site Measurements

The investigations on real floor damages were conducted on five different on-site locations
in Germany during the period from December 2019 to March 2021. The affected buil-
dings and their conditions varied widely and involved a recreation center, a restaurant,
a community center, a student residence, and a parking garage. In the following, the dif-
ferent measurements are labeled according to their cities, in which they were performed:
(i) Berlin, (ii) Grossenseebach, (iii) Nürnberg, (iv) Pegnitz and (v) Wunsiedel.

74



Tim Klewe Paper C Manuscript

Laboratory setup

Modular Specimen

08.04.2022 8.K Group Seminar 3

Flooring
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Concrete
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Figure C.1: Modular test specimen with screed, insulation, and concrete base layer (left,
middle) and the simulation of an insulation damage by adding water to the setup (right).

Table C.1: Used materials and layer thicknesses for the screed (top) and insulation layer
(bottom).

Material Thickness D [cm]

Cement screed (CT) 5, 6, 7
Anhydrite screed (CA) 5, 6, 7

Expanded polystyrene (EP) 2, 5, 7, 10
Extruded polystyrene (XP) 2, 5, 7, 10
Glass wool (GW) 2, 6, 10
Perlites (PS) 2, 6, 10

The general procedure of an investigation was the same for each case. Before conducting
the data acquisition, a grid was established in all rooms of interest by marking numbered
measurement points (MP). The spacing between neighbouring points ranged from appro-
ximately 1.5 m to 3 m, depending on the respective room design. As shown in Figure C.2,
an MP (generally) defined the center of two 50 cm, orthogonal survey lines, on which a
2 GHz antenna pair was moved along in common-offset configuration. The antenna was
connected to a SIR 20 from GSSI, recording 250 scans/meter. Therefore, an MP was
investigated with two B-scans consisting of 125 A-scans each. Each A-scan covered the
time window of 11 ns, sampled by 512 data points.
After conducting the GPR measurement, a drilling core of 6.8 cm diameter ranging from
the floor surface to the insulation bottom was extracted at the MP (Figure C.2, right).
The screed and insulation material were immediately separated and sealed in two plastic
bags to avoid water evaporation. Later, the moisture content of each sample was deter-
mined by oven drying and weighing according to the Darr method [27]. The obtained
values in wt% serve as a reference for the conducted GPR surveys. Here, values above
4 wt% and 0.5 wt% for cement- and anhydrite screed, respectively, and above 15 wt% for
the insulation indicate a damage in the respective layer. This reference is used to label
each survey line (or B-scan) with its respective real damage case. If both layers reveal
a damage, which is not included in the laboratory study, the measurement is labeled as
screed damage, since it is the top and therefore first layer influencing the emitted EM
waves.
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Floor (top view) After extracting the drilling core

6.8 cm

Figure C.2: GPR procedure (left) around a measurement point from which the reference
drilling core is extracted (example right). It is covered by two 50 cm radar survey lines
measured with the SIR 20 from GSSI and a 2 GHz antenna pair.

C.2.2 Feature Extraction

Since this work aims at validating a laboratory method by applying it on real damage
cases, the same features as presented in the work of Klewe et al. [26] are used. However,
the following description shall give a short overview of the underlying strategy.
GPR measurements on building floors usually show three prominent wave types, origina-
ting from certain areas within the construction. Box II in Figure C.3 gives an exemplary
A-scan. The direct wave (DW) travels the shortest path between transmitter and receiver
and is therefore measured first. It transmits partly over air and partly over the surface
and is therefore sensitive to superficial screed moisture. The first reflection wave (RW1)
originates from the transition between screed and insulation, whereas the second (RW2)
forms between insulation and the underlying concrete layer. The former is sensitive to
both, screed and insulation damages, whereas the second is mostly influenced by moi-
sture in the insulation layer. The laboratory study [26] summarized in C.1.2, presented
the following five A-scan features to classify moisture damage cases in building floors:

• Feature F1: ADW - Amplitude of direct wave [14, 13, 15]

• Feature F2: ARW2 - Amplitude of 2nd reflection [14, 13, 15]

• Feature F3: fRW2 - Dominant frequency of 2nd reflection (STFT) [17]

• Feature F4: ARW1/ADW - Ratio between the amplitudes of 1st reflection and direct

wave [16]

• Feature F5: fRW1/fDW - Ratio between the dominant frequencies of 1st reflection

and direct wave

All these features are not only influenced by moisture, but also by parameters like the
layer thicknesses of screed and insulation as well as their respective material. For on-
site investigations, these parameters are usually unknown, which is why decisions based
on pure thresholds regarding these features would not be applicable. Therefore, the A-
scan features are further processed in terms of their variation within one survey line (or
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B-scan), as shown in Figure C.3. The laboratory investigation revealed that dry floor
constructions show no deviations for a specific feature when looking at a whole B-scan.
However, a present damage influences the concerned reflection waves and causes variati-
ons, as shown with an exemplary insulation damage in box III of Figure C.3. Therefore,
statistical measures like the standard deviation and the span were used to transform
the vectorial A-scan features into scalar B-scan features (box IV), which worked well to
distinguish damage cases within the laboratory data set. This was achieved by training
different classifiers, which shall now be tested on the collected on-site data.
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Figure C.3: Processing to extract A- and B-scan features.

C.2.3 Classification

To investigate the transferability of the introduced method into practice, the classifiers
applied in this work are trained with the laboratory data obtained in the preceding study
mentioned in C.1.2. Like there, from the python scikit-learn library [28] a multinomial
logistic regression (MLR), random forest (RF), support vector machine (SVM), and ar-
tificial neural network (ANN) were used in standard configuration (default parameters
only). However, the training process is slightly adjusted.
Instead of randomly splitting the data into training and test samples, groups of likely
dependent measurements were defined to be used as separate test data. Therefore, the
presence of a specific material (screed or insulation) with a certain thickness defines a
particular group. For example, all measurements with a 5 cm EP insulation, or all mea-
surements with a 7 cm CA screed, are separated from the training data to be used as test
data. With the given variations in Table C.1, this leads to a total number of 20 groups.
However, in the laboratory study, excluding all measurements with 2 cm insulation achie-
ved higher accuracies, which is why this is also done here. Consequently, subsets of 16
groups were used to train and test each of the four classifiers, resulting in 64 trained mo-
dels. Before performing the training, the data was standardized using the StandardScaler
from the scikit-learn library for mean removal and a unit variance. This is done to avoid
unwanted dominance of certain features with higher magnitudes.
The achieved mean accuracies of 84 % to 90 % by the classifiers were comparable to those
from the preceding study, which suggests a sufficient independence of test and training
data when performing random splits. However, the whole data set was still obtained in
a single experimental program, which might lead to an overall dependence and over-
fitting. Applying trained classifiers to completely new data is always challenging, since
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their ability to extrapolate is limited and governed by the training sample’s capability
to represent the whole space of possibilities. To meet these problems, new data obtained
from on-site measurements will be evaluated by all of the 64 classifiers, where each type
(MLR, RF, SVM, and ANN) forms a voting group of 16 decisions. The voting group
which is most certain with its decision (highest number of the same predicted class)
sets the final classification. This method of generating multiple versions of a classifier by
using different training sets is generally referred as bootstrap aggregating (or bagging)
[29]. Here, it is applied to achieve more stable and accurate classifications of unknown
on-site data. Again, before the classification, the on-site data is standardized by the same
StandardScaler that was fitted and used on the laboratory training data.

C.3 Results

In total, 186 MPs (372 B-Scans) were collected over all five on-site locations in Germany
(Berlin = 29; Grossenseebach = 33; Nürnberg = 44; Pegnitz = 48; Wunsiedel = 32).
According to the extracted drilling cores, 50 MPs were labeled as dry, 45 MPs as insulation
damage, and 93 MPs as screed damage. First, this section gives insights into overall
characteristics of the measured data, followed by a detailed analysis of the achieved
classification results.

C.3.1 On-Site Measurements

Figure C.4, C.5, and C.6 show exemplary and representative on-site measurements of
building floors with the three regarded damage scenarios dry, insulation damage, and
screed damage, respectively. Each figure contains two collected B-scans and their extrac-
ted A-scan features. Since a drilling core was extracted for each MP, the obtained layer
thickness and moisture content for screed and insulation are provided in the bottom right
corner of each B-scan. The transparent-white, vertical bars mark the position of the ex-
tracted drilling cores within the survey lines
Example a) in Figure C.4 presents a dry-labeled measurement comparable to those col-
lected in the laboratory study (also shown later in Figure C.11). The B-scan barely shows
horizontal deviations for DW, RW1 and RW2, which can indicate the absence of water
within the investigated area. Nevertheless, the extracted A-scan features reveal dynamics
in F2, F4, and F5, including all regarded wave types from section C.2.2. Compared to
the significantly calmer and flatter shapes obtained in the laboratory study, this might
suggest a generally higher heterogeneity of underlying material parameters like layer
thickness or moisture content within an on-site survey line. This assumption is further
underlined by the second dry example in Figure C.4 b). Here, already the B-scan shows
clear horizontal deviations, which are also captured by the respective A-scan features.
The increased travel time in the survey line’s second half could either result from a rising
screed thickness or a higher screed moisture. However, the likewise decreasing amplitude
of DW (represented by the blue F1) rather indicates a rising moisture content, since this
feature is especially sensitive to superficial screed moisture and is not influenced by the
underlying layer thickness.
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Figure C.4: Two exemplary B-scans (top) and their respective A-scan features (bottom)
of dry on-site floors in Grossenseebach. The transparent-white, vertical bars mark the
position of the extracted drilling cores within the survey lines. The obtained thickness
and moisture content of screed and insulation are given in the B-scan’s bottom right
corner.
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Figure C.5: Two exemplary B-scans (top) and their respective A-scan features (bottom)
of on-site floors with insulation damage in Nürnberg. The transparent-white, vertical bars
mark the position of the extracted drilling cores within the survey lines. The obtained
thickness and moisture content of screed and insulation are given in the B-scan’s bottom
right corner.
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The drilling core extracted on MP 31 in Nürnberg, shown in Figure C.5 a), clearly enabled
the location of a damaged insulation with 120 wt%. Also the respective GPR measure-
ment presents significant amplitude deviations for RW1 and RW2, while DW remains
rather constant. Such attenuation patterns of RW1 and RW2 are quite common for wa-
ter inside the insulation layer and could be also observed within the laboratory study.
Similar influences can be seen in MP 36, however they appear not that distinct as in
MP 31. Besides RW1 and RW2, also DW shows slight deviations. This impedes a clear
interpretation, since the obtained radar data could be mistaken for both a dry setup or a
damaged screed. However, the increased dynamic of F2 and F4 between 20 cm to 50 cm,
where F1 remains comparably calm, rather indicates an insulation damage.
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Figure C.6: Two exemplary B-scans (top) and their respective A-scan features (bottom)
of on-site floors with screed damage in Grossenseebach. The transparent-white, vertical
bars mark the position of the extracted drilling cores within the survey lines. The obtained
thickness and moisture content of screed and insulation are given in the B-scan’s bottom
right corner.

Figure C.6 shows two typical measurements on floors with screed damage, both contai-
ning quite high moisture contents of 7 wt%. The most obvious indication is the highly
attenuated DW, shown by a lower contrast between 1 ns and 2 ns in both B-scans. Howe-
ver, such a threshold-based amplitude feature is not captured by the applied extraction
strategy, since statistical measures along the horizontal space axis are considered. Only
by comparing the measurements with other MPs like those from Figure C.4, the diffe-
rence becomes clear. Without dry references, such patterns could also be caused by a
more attenuating floor cover or a generally lower gain within the GPR system. However,
the integral measuring principle of GPR reflections enables screed damages to influence
all considered wave types. Therefore, variations in every feature, as they are present in
both examples of Figure C.6, tend to suggest a measured screed damage.
Besides the general presence of multiple unknown parameters when performing on-site
moisture measurements with GPR, also other obstacles occurred during the investigati-
ons. One of the most common problems was the presence of floor heating, which can be
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exemplary seen in Figure C.7. Positioned directly below the screed, the reflection pat-
terns occur before the expected RW1 and impede an application of the presented strategy.
Therefore, all measurements containing clear indications of a present floor heating were
discarded from the data set. Unfortunately, this was the case for nearly every measu-
rement point in Pegnitz, Wunsiedel, and Berlin, which is why these data sets will not
be considered in the following application of classification models. However, it shall be
noted that in the example of Wunsiedel, the clearly visible rising attenuation with higher
moisture contents could enable a closer investigation of screed damages.
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Figure C.7: Disturbing floor heating exemplary shown by three measurements from
Wunsiedel. The moisture contents for both, screed and insulation, rise from left to right.

Another problem occurred within eight measurements in Grossenseebach, where a screed
reinforcement mesh also hindered the application of the presented classification strategy.
As it can be seen in Figure C.8, these structures appear like floor heating, however with
much smaller spacing. Again, all measurements affected were discarded from the Gros-
senseebach data set.
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Figure C.8: Screed reinforcement mesh visible inside the drilling hole of MP 16 (left) and
in the respective B-scan (right).

In Nürnberg, a steel beam within the survey line affected the B-scans of seven MPs, as
shown in Figure C.9. Furthermore, it was located in a room with no insulation inside the
floor structure. Since such a scenario was not part of the laboratory study, the twelve
MPs collected in that area were discarded.
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respective B-scan (right).

C.3.2 Classification of On-Site Measurements

As discussed above, only on-site measurements from Grossenseebach and Nürnberg are
considered for classification. After removing the data disturbed by screed reinforcement,
a steel beam, and the absence of an insulation layer, both data sets contained 50 and
62 B-scans from 25 and 31 MPs, respectively. On these data sets, the feature extraction
described in C.2.2 was performed. Here, the processing was not able to always detect all
five features for each measurement. In some B-scans, highly attenuated or interfered wave
types impeded a clear separation or recognition of those, which resulted in NaN-values
for the affected features. Due to that, another 24 B-Scans from Grossenseebach and 16
B-Scans from Nürnberg had to be discarded. As a result, 26 and 46 B-scans remained for
both data sets, respectively.
The described narrowing of usable data already points out some clear limitations when
performing automated classification approaches on on-site GPR measurements. Nevert-
heless, the remaining measurements were classified by means of their extracted features.
Figure C.10 shows the achieved accuracies and confusion matrices for both data sets. The
overall accuracies of 46.2 % for Grossenseebach and 56.5 % for Nürnberg are significantly
below those achieved on the laboratory data, laying between 84 % and 90 %. Such a dif-
ference often indicates a problem with overfitting [30]. Looking at the confusion matrices
reveals that most of the measurements in both data sets were classified as screed damage.
This especially questions the significance of the already low accuracies. It does not get
clear whether the classification shows good sensitivity for screed damage or if the higher
hit rate is a coincidence due to the amount of such cases within the data set. As stated in
C.2.1, on-site measurements with damage in both layers were labeled as screed damage.
Removing these samples would discard all 28 screed damage samples from the Nürnberg
data, (which showed a damaged insulation in each MP), resulting in an overall accuracy
based on the remaining 3 out of 15 correctly classified insulation damages.
Applied on new on-site data the automatic classification trained on laboratory data failed
to reach the laboratory accuracy. The reasons for this performance shall be discussed in
the following section by presenting a deeper analysis of the underlerlying data sets, focu-
sing on their limitations, pitfalls, however also on their chances for further investigations
of moisture damage in building floors with GPR.
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Figure C.10: Classification results of the data sets Grossenseebach and Nürnberg repre-
sented by their individual overall accuracy and confusion matrices. Each cell includes the
relative (decimal number) and numerical (natural number in brackets) amount of classi-
fied cases.

C.4 Discussion

Like already stated, the classification of on-site data based on training data from la-
boratory revealed poor accuracies. The authors postulate that this is an indication for
overfitting. Therefore, looking at representative examples from the laboratory training
data should give insight into the classifier’s basis of decision-making when applied on
new on-site data.
Figure C.11 presents typical measurements on the cases dry, insulation damage and screed
damage within the laboratory experiments. While the B-scans show clear differences bet-
ween each other, the horizontal A-scan feature distributions below reveal a remarking
similarity for the dry measurement and the screed damage measurement. As already dis-
cussed in the laboratory study [26], the homogeneous screed damages resulted due to an
evenly spread moisture ingress over the entire screed sample. Therefore, all features re-
main comparatively constant throughout the whole measuring distance. Such a similarity
and the consequential danger of confusion between a dry floor and a screed damage was
also observed and discussed within the on-site data (section C.3.1), whereas the A-scan
features generally show higher dynamics for both damage cases (Figure C.4 and C.6).
For such similar distributions, also the B-scan features resemble one another, since they
capture occurring deviations by the standard deviation and span. Concerning the labo-
ratory training data, the classifiers had to separate closely situated data points within
the feature space to achieve a successful recognition of all damage scenarios. The good
accuracies of 84 % to 90 % on the laboratory test data verify such an effective, however
narrow decision boundary. By keeping in mind, that such small deviations, as they can
be seen for the A-scan feature distributions of laboratory screed damages, are sufficient
to separate the laboratory data, it becomes clear that the more dynamic on-site data is
mostly categorized as screed damage.
However, the question remains why the on-site data generally shows rather unsteady
B-scans compared to the laboratory experiments, especially for dry floors and screed da-
mage. As already addressed in section C.3.1, an overall higher heterogeneity of underlying
material parameters like layer thickness or moisture content within one survey line could
explain this observation.
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Figure C.11: Exemplary laboratory B-scans (top) and their respective A-scan features
(bottom) at an 6 cm CT and 5 cm XPS floor construction for the scenarios: dry, damage
insulation, and damage screed.

One indication arises by looking at the layer thicknesses obtained from all the drilling
cores extracted throughout the investigations. Figure C.12 and C.13 summarize these
values for each of the considered and discarded on-site investigations, respectively. Chan-
ging rooms within the buildings are marked by a different background color, grey or
white. It shows that even within one room, the thicknesses of screed and insulation can
vary drastically, which is why a survey line of 50 cm length is likely to be influenced
by these variations. In practice, screed or insulation are sometimes used to level uneven
heights within the floor construction, which causes thickness variations. In contrast to
the controlled laboratory experiments, where most parameters (and especially the layer
thickness) were kept constant, on-site investigations may include considerably more un-
known influences. Such circumstances obviously disturb the underlying assumption, that
deviating features within a B-scan indicate the presence of moisture.
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Figure C.12: Layer thicknesses of screed (black) and insulation (green) for every MP in
the classified data sets of Nürnberg and Grossenseebach. The alternating background of
white and grey signalizes changing rooms.

Another unknown influence is caused by the spacial limitation of extracted drilling cores,
which are used as a reference. This becomes particularly clear by considering the relatively
small section a drilling core (6.8 cm diameter) covers of a whole survey line (50 cm). The
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Figure C.13: Layer thicknesses of screed (black) and insulation (green) for every MP in
the discarded data sets of Berlin, Wunsiedel, and Pegnitz. Points within one background
bar (white or grey) were located in the same room.

transparent white bar in every on-site B-scan within this work visualizes this relation.
The resulting difficulties were already mentioned in the discussion of Figure C.4 b), where
the decreasing amplitude of the direct wave indicated a rising screed moisture content
within the B-scan. Such indications shall further be analyzed by looking at neighboring
MPs, as it was the case for MP 40 and MP 34 in Nürnberg (see Figure C.14). The former
MP, measured by survey line a) shows a referenced moisture damage for both, screed
and insulation, whereas the latter MP, measured by survey line b), revealed an insulation
damage. Between MP 40 and MP 34, the screed moisture decreased from 4.8 wt% to 3.0
wt%. In the considered survey line of MP 34, the antenna was moved away from MP 40.
Apparently, the transition from a moist to a dryer screed gets visible in the respective
B-scan between 15 cm and 25 cm measuring distance. The drilling core was positioned
off center around 32 cm due to a room wall limiting the survey line’s expansion. It is
therefore located in the right half of the B-scan where a decreasing travel time and in-
creasing amplitudes of all wave types suggest a dryer floor setup. The whole survey line
seems to include two damage cases, a screed and insulation damage (like in MP 40) in
the left half, and a sole insulation damage (like referenced for MP 34) in the right half.
Another example of such a transition within a B-scan is given in Figure C.15, showing the
neighbouring MPs 2 and 3 in Grossenseebach. Here again, the referenced screed moisture
content decreases from the former MP (5.1 wt%) to the latter (3.0 wt%), whereas the
insulation’s state stays dry for both measurements (5.2 wt% and 3.8 wt%, respectively).
Likewise, the increasing amplitude of the DW and the decreasing travel time of RW1 and
RW2 in survey line b) seem to display the changing scenario from a screed damage to
a dry floor setup. While these observations speak for a satisfying resolution and infor-
mation depth when applying GPR for moisture measurements, they tend to disturb the
evaluation of the applied classification strategy. In contrast to the laboratory, multiple
damage scenarios within one measurement are a realistic incident and pose a significant
uncertainty when classifying an entire B-scan.

Although the application of the automized classification approach achieved poor results,
the general sensitivity of the extracted features for the considered damage cases got clear
throughout the investigations. Especially screed damages showed strong indications by
influencing every regarded wave type. In case of an observed transition to or from a moist
screed, the DW emerged as a valuable source of information, since it is not affected by the
underlying layer thickness. If there is no transition visible, a general danger of confusion
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Figure C.14: B-scans and extracted A-scan features of the two neighbouring MPs 40 and
34 in Nürnberg. Their orientation within the room is shown by the measurement grid on
the left.

to a dry floor setup remains. Here, comparing different MPs within one on-site investiga-
tion might allow the detection of attenuated DWs to narrow down affected areas.
In practice, the identification of an insulation damage is even more important, as there
are no other sensitive NDT methods available. Also here, the gathered information wi-
thin the laboratory and the on-site study revealed valuable findings. In addition to the
given examples in Figure C.5 and C.11, Figure C.16 shows measurements from Nürnberg
(MP 17 and MP 24) and from the laboratory setup on similar floor setups. The pro-
minent deviations of RW1 and RW2, captured by F2, F3 and F4 with an concurrently
constant DW, captured by F1, give good indications for moisture in the insulation layer.
The slightly visible reflection hyperbolas might result from small areas with high water
content, like in fully filled insulation joints. This was already observed in the laboratory
study.
The last example shows, that despite the significant differences between on-site and la-
boratory investigations, there are still valuable similarities that can be used to analyze
new, practical data. With the increased number of unknown parameters for on-site in-
vestigations, a solid base of knowledge of how to interpret given results, becomes more
important. Here, the considered and extracted features deliver a profound support to
tackle this challenge.
Applying automized classification approaches solely trained by laboratory data clearly
emerged as unprofitable. However, including on-site data into the training process might
help to adjust the decision boundaries within the feature space to achieve a robust detec-
tion of all scenarios. For this purpose, a significantly bigger data basis would be necessary.
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Figure C.15: B-scans and extracted A-scan features of the two neighbouring MPs 2 (a) and
3 (b) in Grossenseebach. Their orientation within the room is shown by the measurement
grid on the left.
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Figure C.16: Examplary B-scans and A-scan feature distribution of two on-site insulation
damages from Nürnberg (MP 17 and MP 24) compared to a laboratory insulation damage
with similar floor setup.

C.5 Summary and Conclusion

This work presented the application of classifiers trained by GPR data obtained in a
preceding laboratory study to categorize on-site moisture damage scenarios in layered
building floors. Five differently affected buildings, all located in Germany, had been in-
vestigated for this purpose. The extraction of drilling cores for each MP served as a
reference by obtaining the screed’s and insulation’s material type, layer thickness, and
moisture content. Thereby, each on-site measurement was labeled with its respective da-
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mage scenario, which allowed a quantitative evaluation of the classifier’s performance.
Already before conducting the classification, numerous MPs had to be discarded when
there was floor heating, screed reinforcements, steel beams or no insulation layer within
the investigated area. Furthermore, some measurements with highly attenuated or distur-
bed reflections impeded the extraction of all relevant features and had to be removed from
the data sets. The classification of the remaining measurements achieved poor accuracies.
Analyzing the well classified laboratory data led to an overfitting problem due to small
deviations between measurements on dry floors and measurements on screed damages,
which resulted in a narrow decision boundary within the feature space. Therefore, the
generally more heterogeneous and dynamic on-site B-scans were commonly interpreted
as screed damages.
Reasons for the more unsteady reflection patterns of practical floor setups were identi-
fied by varying material parameters within one survey line. Significantly changing layer
thicknesses and damages of screed and insulation within one survey line caused frequent
misinterpretations of the respective B-scans. This is worsened by the general spatial li-
mitation of extracted drilling cores and their generated reference that cannot eliminate
all the unknown parameters that real setups in on-site investigations include.

However, closely analyzing the obtained data allowed to demonstrate the feature’s sen-
sitivity for different damage scenarios. Still, for successful interpretations a lot of expert
knowledge about the application of GPR on building floors is required. To a certain ex-
tent, that knowledge could be provided by the results of this work. Especially insulation
damages, which are rarely recognized by all other NDT methods, showed characteristic
patterns within the obtained results. This highlights the uniqueness of GPR for moisture
measurements on layered structures. In order to efficiently support the analysis of trained
personnel, fully automized approaches with machine learning still require a much bigger
and diverse data basis. Consequently, realistic on-site data should definitely be included
into the training process to achieve robust and valid decision boundaries that allow a
reliable classification of moisture damage scenarios in building floors. Additionally, more
labeled examples of different on-site measurements would help to cover the wide range of
possibilities, that occur in practice. This could either be achieved by an extensive rese-
arch program or the establishment of an open data repository for GPR and other NDT
investigations. The latter is seen as a key element, which would enable machine learning
to develop its promising potential within NDT-CE.
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diagnose, Vortrag 5, 2014.

[6] L.-O. Nilsson, editor. Methods of Measuring Moisture in Building Materials and
Structures. Springer International Publishing, https://doi.org/10.1007/978-3-319-
74231-1 2018.

[7] D. S. Chanasky and M. A. Naeth. Field measurement of soil moisture using neutron
probes. Canadian Journal of Soul Science, 76(3):317–323, aug 1996.

[8] J. A. Huisman, S. S. Hubbard, J. D. Redman, and A. P. Annan. Measuring Soil
Water Content with Ground Penetrating Radar: A Review. Vadose Zone Journal,
2(4):476–491, nov 2003.

[9] L. Slater and X. Comas. The Contribution of Ground Penetrating Radar to Water
Resource Research. In Ground Penetrating Radar: Theory and Applications. Elsevier,
2009.

[10] F. Lombardi, F. Podd, and M. Solla. From Its Core to the Niche: Insights from GPR
Applications. Remote Sensing, 14(13):3033, jun 2022.
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3. Discussion

This thesis researched the suitability of the GPR method for automated classification
of typical moisture damage on building floors with unknown parameters by the use of
machine learning. The three common cases considered were: (i) dry, (ii) damaged insula-
tion and (iii) damaged screed, which were to be investigated using a comprehensive data
acquisition in the laboratory and on-site.
In the following synthesis, all findings of the thesis are first summarized and thus brought
into a logical context. Thereafter, a comprehensive discussion of these results and the ap-
plied methodology is given, which is structured according to the respective chapters and
publications. Here, the decisions made and the directions taken to answer the research
questions will be elaborated and critically evaluated.

3.1 Summary of Results

The literature review presented in publication A was conducted to work out the theore-
tical basics and to identify the most common methods for detecting moisture in building
materials using radar signals. Here, it especially became clear that all publications only
investigated individual time-, amplitude- or frequency features separately, without com-
bining them. This was seen as a potential aspect for innovation, as the multivariate
application of several signal features can help to overcome individual weaknesses and li-
mitations. Therefore, this approach was also followed in the further process of the work,
whereby the literature review initially provided potential candidates for selection and did
not exclude any signal features from the start.
In chapter 2, preliminary investigations carried out on drying screed samples confirmed
the profitable use of multivariate evaluations (Figure 2.11). In addition to the general sui-
tability and dependencies of various features, first limitations due to possible interference
between DW and RW could be identified (Figure 2.10). This is particularly evident with
thin or dry materials, for which the two-way travel times of the reflected radar signals
become shorter. Thus, quantitative moisture measurements were excluded and a qualita-
tive evaluation for the detection of damage cases was planned.
In order to develop such a method, an extensive laboratory experiment was carried out to
study the effect of water-damaged insulation layers and screed layers on GPR measure-
ments, which was presented in publication B. For this purpose, a modular test specimen
was designed, which allowed the variation of the most decisive parameters, the mate-
rial type and thickness of screed and insulation, as well as the simulation of moisture
damages. The data collected revealed clear differences between dry and damaged struc-
tures, which were represented by the water-induced deviations within measured B-scans
(Figure B.9). These deviations were to be detected with the newly introduced B-scan
features, which evaluate the statistical deviation of A-scan features within a survey line.
This was to ensure the detection of damage cases independent of the underlying material
parameters. In a subsequent training and cross-validation process of different classifiers,
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the suitability of the developed B-scan feature strategy was confirmed within the labora-
tory data set. Accuracies of over 88 % of the 504 recorded measurements (252 different
experimental setups) were achieved (Table B.2). False classifications occurred primarily
in some cases of damaged insulation, where the small amounts of added water were not
sufficient to penetrate the measured area of the radar survey line (Figure B.13). Since
only dry parts of the construction were measured in that case, the classification as such
shows the good sensitivity of the method. The combination of amplitude and frequency
features, which covered all relevant reflections of the radar signals, was particularly be-
neficial. Thus, again the application of multivariate methods turned out to be a suitable
approach. Furthermore, the data set showed only small differences between dry floors
and damaged screeds for the B-scan features (Figure B.10), which could be attributed
to a homogeneous distribution of the water added in the screeds. However, these small
differences were successfully separated by the trained models (Figures C.10 and B.15),
raising the suspicion of overfitting. The consequences of this were then examined in more
detail by means of a validation with on-site data.
For this purpose, investigations were carried out at five different locations in Germany,
which are presented in publication C. To ensure comparability, the measurement method
remained identical to the laboratory experiments. By extracting drilling cores, it was
possible to determine the damage case for each measurement point and thus generate a
corresponding reference. Even before classification, numerous data had to be sorted out,
since disturbances due to underfloor heating (Figure C.7), screed reinforcements (Figu-
re C.8), steel beams or missing insulation (Figure C.9) prevented comparability with the
laboratory experiments. In some cases, heavily attenuated or disturbed measurements
also hindered the extraction of all relevant features from the entire B-scan. Validation of
the remaining data (72 B-scans) achieved only low accuracy with 53 % correctly classified
damage cases. Here, the previously suspected overfitting of the small decision boundary
between dry setups and damaged screeds within the laboratory proved to be a problem.
The generally larger deviations within (also dry) on-site B-scans were thus frequently
misclassified as screed damage. In addition, there were sometimes strongly varying layer
thicknesses or changing cases of damage within a survey line, which caused additional
errors due to the local limitation of the drilling core reference. Nevertheless, individual
on-site examples (e.g. Figures C.14, C.15, and C.16) also showed the promising potential
of the applied signal features and the GPR method in general, which partly allowed a
profound interpretation of the measurements. However, this interpretation still requires
the experience of trained personnel and could not be automated using machine learning
with the available database.

3.2 Literature Review

The research carried out was the first basis on which to decide on the methodological
approach of the thesis and should therefore be discussed from this point of view. Here,
it was particularly noticeable that no publication had yet dealt with moisture measure-
ments on building floors using GPR. Only one publication on screeds [1] was thematically
related, but did not consider layered structures. Other layered structures such as pave-
ment constructions were investigated in publications by Grote et al. [2] and Fernandes
et al. [3]. Here, however, the thickness of the individual layers was known for determi-
ning the moisture content, which is not transferable to the measurement of unknown
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building floors. As already mentioned under A.5.1, the CMP or WARR survey method
(also used in [2]) is generally suitable for the measurement of structures with unknown
layer thicknesses. However, Cai et al. [4] already pointed out difficulties in evaluating
measurements on existing thin layers, as they can also occur in floors, due to interference
of individual wave parts or reflections. Van der Kruk et al. [5] also studied shallow layers
with high water contents at the surface of layered soil structures (as they can occur after
rainfall) and described their effect on radar measurements using inversion-based methods.
As stated in A.5.4, these methods require precise models of the applied GPR system and
the investigated medium. With regard to the research question of the thesis, the latter
was considered a major challenge given the high diversity of floor setups.
Due to the large number of suitable features, which were always applied isolated in all
publications, the combination of these turned out to be a promising innovative approach.
Mainly these features were related to the common-offset configuration, which is why this
survey method was to be used within this work. Since the use of the WARR or CMP
method seemed to be at least theoretically suitable, it was also planned for the intended
investigations. This could be ensured by placing a second receiving antenna at the starting
point of the survey line, which collects the transmitted signals of the moving common-
offset antenna pair. It has already become clear from the results presented before, that
this data was not examined in the context of this thesis. Here, detectable interference
between wave types did not suggest a focus on deeper evaluations.
Another parameter to be selected was the center frequency. Common floor layer thick-
nesses of 2 cm to 10 cm suggested a rather higher value to allow the resolution of the
closely spaced layer boundaries. Two established designs are the 2 GHz and the 2.6 GHz
antenna, which were selected for the first investigations. These were also the highest fre-
quencies used among all researched publications shown in Table A.1.
All of the decisions regarding methodology, antenna configuration, and frequencies app-
lied were made based on the literature review conducted and explained accordingly. Thus,
in the course of the work through the collection of new knowledge, a critical review of
these decisions becomes possible. This will be done at the appropriate sections of the
following discussion.

3.3 Materials and Preliminary Studies

3.3.1 Specimens

The first part of the section dealt with the materials needed for an experimental floor
construction. This shall shortly be discussed here, since the selection of suitable materials
and their parameter configurations is of high importance to sufficiently represent the wide
variation in practice. As mentioned before, the literature review yielded only one example
of moisture measurements on screeds and none on floor constructions, which is why no
information for planning could be obtained there. Thus, the experience of industrial
companies can serve as an important reference to approach this task. In cooperation, the
governing variables for the experiment could be determined, which included the material
type and thickness of screed and insulation specimens (Table B.1). With regard to the
manufacturers to be selected, established representatives with high sales volumes were
chosen for both screed and insulation in order to represent large shares of the market.
With regard to the on-site measurements carried out later, the selection of variations made
can be assessed as appropriate. With the exception of a few measurement points with
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thicknesses below 2 cm in Nuernberg (Figure C.12), all insulations, also with regard to
the material, were within the value range considered. The screeds encountered in practice
were exclusively cement-based and often thicker, with values between 8 cm and 12 cm.
This was considered as unproblematic, since the fact that layers rather too narrow than
too thick could cause problems in measurements on building floors was already evident
from the preliminary investigations carried out.

3.3.2 Feature Evaluation

The main purpose of these preliminary tests was to check the previously researched radar
signal features with regard to their suitability for moisture measurements, initially on
screeds. Here, the moisture references obtained by the Darr and CCM methods allowed
the evaluation of given correlations, however also of possible problems and limitations.
In the univariate application on exemplary screed samples, all examined features from
the time, amplitude and frequency range showed a good sensitivity for the decreasing
moisture content of the screeds. Problems occurred whenever the two-way travel time of
the reflection waves became so short due to the decreasing permittivities that it interfered
with the direct wave. Here, a fundamental difficulty in measurements on buildings floors
became apparent early in the project. At this point, the selected center frequencies had
to be questioned. However, there was no further flexibility, since no antennas with higher
frequencies are offered by GSSI for the measurement system available. Even independent
of the manufacturer, antennas above 3 GHz are rather exotic and are not represented in
any publications on moisture measurements in civil engineering. This is because higher
frequencies are coupled with higher attenuation, which can be even more evident when
water is present. In the case of the research question under investigation, however, the
resulting trade-off must always be decided in favor of the penetration depth to not lose
any information about the insulation. Therefore, interference between DW and RW had
to be accepted as possible disturbance. In addition, for the subsequent observation of
layered structures, there are further reflections which can also interfere with each other.
One consequence of this was the exclusion of quantitative moisture determination and
the focus on qualitative statements. While this supposedly more challenging goal of exact
moisture values was not completely ruled out at the beginning of the project, the pre-
liminary investigations showed clear limits. In addition, there is the general uncertainty
concerning time-zero, the excitation time of the EM wave, which is also discussed in the
review paper (section A.5.1). Such inaccuracies become more significant for smaller two-
way travel times, such as those to be measured on floors.
Nevertheless, at the end of the preliminary investigations, a quantitative determination
of the screed moisture was still to be examined by a multivariate application of features.
Here, the risk of possible interference was minimized by excluding the related extrema
(second extrema of DW and first extrema of RW) from the feature extraction. The mul-
tivariate analysis by applying multiple linear regression was then performed on the entire
data set, which simulated a reasonably realistic scenario of unknown material parameters
such as screed type and thickness. The results confirmed that the combination of multi-
ple features could compensate for individual weaknesses and was therefore still seen as
a promising approach within this research. This can also be stated as the main finding
from the investigations. While the further knowledge gained on the properties of certain
features also created a valuable basis, a general transferability of the results to the sub-
sequent measurements on layered floors was considered inappropriate. Thus, excluded
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extrema within the signal may be unsuitable for quantitative determination, but may
provide valuable information about water-related changes in a qualitative observation.
Also despite interference. Therefore, no feature was excluded for subsequent studies on
layered structures and re-evaluated using the machine learning approach on the new and
fundamentally different dataset to be obtained.

3.4 Laboratory Investigations

3.4.1 Experimental Design

In this section, it is appropriate to first discuss the decisions regarding the experimen-
tal design for the laboratory investigation. With regard to the casted screed specimens
and the insulations to be considered, the modular specimen developed allowed 168 floor
configurations. With two antenna frequencies and three damage scenarios to investigate,
this results in 1008 measurements. To reduce the extent and keep the experiment within
a realistic range, measurements with 2.6 GHz were excluded, as it showed no noticeable
advantages over the 2 GHz variant in terms of resolution and avoidance of possible inter-
ference in the preliminary tests. Rather, the A-scans of the 2.6 GHz antenna frequently
showed unclean reflection patterns, which is exemplarily shown in Figure 3.1. This cau-
ses difficulties especially for the automatic extraction of individual minima and maxima,
since the reflection waves can sometimes show a strong offset with respect to the baseline
(amplitude = 0). The reason for these reflection patterns was not investigated further,
since the focus was placed on one antenna anyway. Here, simulations might have provided
information about possible characteristic interferences or other explenations. Due to the
rather small differences to CT1 and CA1, also the investigation of CT2 and CA2, were
completely dispensed with. Thus, the number of different floor setups was reduced to 84,
resulting in 256 setups to be measured.
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Figure 3.1: Comparison of a 2 GHz and 2.6 GHz A-scan recorded on the 6 cm CT1 screed.

After determining the floor configurations, an elementary component to be planned was
the simulation of the various damage scenarios. In this context, ’damage’ is not a defined
term, which means that there are no uniform thresholds above which a quantity of water
contained in screed or insulation can be considered as damage. Therefore, experience va-
lues from industrial companies can serve as an orientation, since they reflect thresholds
for when they consider repair measures to be necessary in their daily work. The water
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content of the insulation materials to be examined, however, appeared to be a difficult
threshold value to control, since their structures and compositions differ a lot. While the
amount of water added to the setup can be fixed, the time-dependent and quantitative
absorption by the insulation materials is not uniform. This would therefore have had to
be determined by weighing during the experiment, which on the one hand could provide
an influence due to possible water loss, and on the other hand would have resulted in an
unmanageable effort in view of the quantity of measurement setups. Instead of the water
content, the control of the RH within the insulation layer posed as a threshold value.
Here, 80 % RH serves as a suitable limit, since there is a justified risk of mold growth
above this value. The laboratory measurements carried out on the scenario of damage
insulation showed that even small amounts of water were sufficient to surpass this va-
lue. These amounts are summarized in Table 3.1, which was also published in [6]. Here,
3.1 V% to 6.3 V% of added Water (in relation to the insulation volume) resulted in humi-
dity values above 80 %. However, the laboratory experiments carried out did not provide
any information about the actual θ80, the water quantities necessary to reach 80 % RH.
Therefore, similar tests were carried out on a smaller specimen (as part of a bachelor
thesis) to determine the values searched for. The results yielded values of θ80 <0.1 V%
for all insulation materials. As a comparison, data on experimentally determined sorp-
tion isotherms of EP and XP provided by the Institute for Building Climatology of the
Technical University of Dresden were used, which can be seen in Figure 3.2.

Table 3.1: Overview of the resulting humidity values in the insulation material during the
laboratory experiments on the modular test specimen.
Insulation type Material thickness Water addition Moisture Humidity after 12 hours Humidity at test end

EP 20 mm 0.5 l 3.9 V% 86.8 % RH 94.1 % RH
EP 50 mm 2 l 6.3 V% 97.5 % RH 98.5 % RH
EP 70 mm 2 l 4.5 V% 95.3 % RH 100 % RH
EP 100 mm 2 l 3.1 V% 81.8 % RH 89.3.1 % RH

GW 20 mm 0.5 l 3.9 V% 79.6 % RH 83.8 % RH
GW 60 mm 1.5 l 3.9 V% 87.5 % RH 90.4 % RH
GW 100 mm 4 l 6.3 V% 93.2 % RH 95.4 % RH

PS 20 mm 0.5 l 3.9 V% 86 % RH 89.6 % RH
PS 60 mm 1.5 l 3.9 V% 85.1 % RH 94.5 % RH
PS 100 mm 4 l 6.3 V% 96 % RH 98.9 % RH

XP 20 mm 0.75 l 5.9 V% 58.2 % RH 88.3 % RH
XP 50 mm 2 l 6.3 V% 89.8 % RH 93.7 % RH
XP 70 mm 2 l 4.5 V% 87.3 % RH 94.3 % RH
XP 100 mm 2 l 3.1 V% 96.8 % RH 99.2 % RH

Again, also within the sorption isotherms, θ80 for both insulations is at approximately
0.1 V%. The conclusion for the laboratory tests is that higher water quantities were added
than necessary for a risk of mold growth. A comparison with the values encountered in
practice is shown in Table 3.2. Here, a threshold value of 15 wt% was chosen for classifica-
tion as insulation damage, which corresponds to about 0.4 V% to 0.5 V% according to the
densities of EP and XP given in Table B.1. The water quantities of damaged insulation
determined by the drilling cores were on average comparable to the water quantities ad-
ded in the laboratory measurements, although the former could differ considerably. While
values above this average are likely to be less of a problem, insulation damage with less
water could potentially be more difficult to detect. These small amounts needed to cau-
se a mold hazard underline the difficulty of moisture measurements in the insulation layer.
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Figure 3.2: Sorption isotherm of EP and XP

Table 3.2: Statistical comparison between the water contents in damaged insulations and
screeds for all on-site measurements.

Insulation damage Screed damage (CT)
Location Mean± Std N Mean± Std N

Pegnitz 3.4 ± 3.3 V% 21 6.7 ± 1.6 wt% 24
Grossenseebach 0.6 ± n/a V% 1 6.1 ± 1.0 wt% 18
Wunsiedel 5.8 ± 7.4 V% 24 5.6 ± 1.2 wt% 17
Nuernberg 3.2 ± 1.1 V% 32 5.6 ± 1.1 wt% 28

Unlike the different insulation materials, the six screeds investigated have a similar struc-
ture and handling, which is why the control of water content could be used as a threshold
for damage determination. Therefore, values for a damaged cement and anhydrite screed
of 4 wt% and 0.5 wt%, respectively, were chosen. The threshold values concerning readi-
ness for covering are in a comparable range with 3.5 wt% for cement screeds and 0.5 wt%
for anhydrite screeds [7]. Table 3.2 also shows the water contents encountered in damaged
on-site screeds, which on average are slightly higher than the values of 4.4 wt%, 5.2 wt%
and 4.9 wt% set in the laboratory for CT screeds of 5 cm, 6 cm, and 7 cm thickness,
respectively. However, with regard to the simulated screed damage, it is not so much the
amount of water but its (homogeneous) distribution that is seen as an influencing fac-
tor on the subsequent evaluation. Therefore, the methods developed to classify the three
damage scenarios must first be discussed.

3.4.2 Methodology Development

The results of the laboratory tests showed that a reconsideration of all possible features,
regardless of their position in the A-scan, proved to be beneficial. The five most suitable
features resulted from the DW, as well as from RW1 and RW2, which all interfere in the
case of a layered structure. Nevertheless, they still allow sufficient separation of the screed
and the insulation layer to provide information about the presence of water. The selecti-
on of these features was not arbitrary, but based on a statistical evaluation of the linear
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dependencies to the examined damage scenarios, as described in B.2.5. Accordingly, the
features represent the best solution for the corresponding data set, although this does not
have to apply to new data. Therefore, this statistical selection method was later repeated
for different data sets (only on-site data, or on-site data and laboratory data). These
investigations resulted in the exchange of some features, but did not provide a significant
improvement in the validation result. Thus, also for comparability, the feature selection
determined in the laboratory was retained. However, using these A-scan features alone,
as it is performed in all the publications reviewed, would not have been effective by any
means. The results of the literature review and preliminary studies already showed that
the variations in material type and thickness made in the laboratory experiment have
a significant effect on the very signal features used to detect the damage cases. Nevert-
heless, in order to ensure a classification independent of the underlying floor structure,
a new processing step had to be developed that makes use of the spatial dimension of
B-scans.
This was done with the introduced B-scan features, that capture water-related deviations
by evaluating the statistical distribution of A-scan features within a survey line. This step
allows the reduction of an A-scan feature vector to a scalar value, which is particularly
suitable as an input parameter for subsequently trained classifiers. The calculation of
B-scan features is an innovative and elementary component for the detection of the diffe-
rent damage cases in unknown floor structures. The method allows an evaluation of the
A-scan features decoupled from their quantitative values, which strongly depend on the
unknown variables such as material type and thickness. However, the advantages gained
are subject to the assumption of little to no horizontal deviations of the A-scan features
within a ’dry’ B-scan, as it was observed within the laboratory data. The extent to which
this approach is successful was subsequently considered by training and applying different
classifiers on the recorded data set.
Here, four different classifiers (MLR, RF, SVM, and ANN) were trained and cross-
validated in their standard configuration from the Scikit-Learn library in python, as
presented in section B.2.6. Conducted trials showed that the selection of appropriate
signal features had a much greater impact on the classifier’s performance than the ad-
justment of certain model parameters. Parameter tuning is usually very expensive in
terms of computation and can quickly become ineffective depending on the underlying
data set [8]. The models used are already seen as powerful in their default configuration,
which is why they were treated as a tool for research and not as a distinctive object of
research. Also, the fact that all models always achieved similar accuracy values, as shown
in Table B.2 and Figure B.12, gave no indication that the selection of other models could
achieve significantly better results. Therefore, this workspace was omitted and the focus
was placed on feature selection and the evaluation of achieved accuracies.
The good classification results showed that the newly introduced method of calculating
B-scan features is suitable to recognize different moisture damage cases in unknown floor
structures. However, the detection rate of insulation damage also showed an influence
of the experimental design discussed earlier, since, in some cases, added water did not
penetrate the measured area of the survey line. The corresponding ’misclassification’ as
dry construction again showed the good sensitivity of the method, which, however, could
only be determined by the additional information of the corresponding moisture distri-
bution by visual inspection of the insulation (Figures B.11 and B.13). This demonstrated
the previously mentioned difficulties in defining and referencing moisture damage, which,
depending on the method chosen, can always leave unknown parameters such as the exact
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amount of water or its distribution in the measured area.
Another influence of the experimental design was evident in the measurements of damaged
screeds. The homogeneous water ingress from the surface often caused small horizontal
deviations of the signal features in a B-scan, so that damaged screeds could easily be
mistaken for dry structures by visual inspection. However, the classifiers managed to se-
parate these and achieved high recognition rates. Thus, relatively small differences in the
B-scan features were learned by the classifiers to distinguish damaged screeds from dry
floors. However, since the robustness of the chosen method benefits from larger deviati-
ons, there is a risk of overfitting, due to closely located cases within the feature space.
It can therefore be considered whether it would have been more effective simulate more
heterogeneous moisture damage in the screed by adding water locally. However, results
of on-site measurements, as shown in C.6 or C.15 a), indicated that comparatively ho-
mogeneously distributed screed damage presents a similarly challenging separation from
dry floors. The discussion is therefore difficult to conduct at this point and will be taken
up again in the concluding section 3.6 after the validations at on-site measurements have
been addressed.
At the end it should be emphasized once again that the high and promising sensitivity of
the classifiers was significantly influenced by the combination of several features covering
all relevant signal ranges. Due to the higher deviations of the B-scan features in case of
insulation damage, especially the RW2-related features achieved high scores, as shown in
Table B.3 and Figure B.15. The sensitivity to insulation damage represents a clear unique
selling point of GPR over other moisture measurement techniques. As exemplarily shown
in Figure B.9 b), the neutron probe often did not show an increase of the measured counts
compared to dry setups and was only sensitive to water in screeds. For this case, also the
GPR features regarding DW and RW1 had a significant impact on a successful detection
and made a valuable contribution to the classification accuracy. Thus, the results again
demonstrated the advantages of multivariate data analysis by using multiple features.

3.5 On-Site Investigations

3.5.1 Measurements

The five objects investigated were selected by the industrial project partner within its
incoming inquiries and orders. Here, underlying damage cases could only be estimated in
advance and were never completely known beforehand. The final determination was made
by extracting drilling cores and a subsequent Darr drying individually for each measuring
point. Thus, a reference could be generated by assigning a damage case to each measure-
ment. Section C.2 describes the procedure in detail. It also shows that all measurement
parameters were chosen to be identical to the laboratory experiments for reasons of com-
parability. Only the length of the orthogonal survey lines was increased from 40 cm to
50 cm, since here, unlike on the modular test specimen, there was no limitation due to
possible edge effects. Therefore, 5 cm on the start and the end were cut before extracting
the B-scan features to use the same amount of A-scans. Unfortunately, no floor plans
with corresponding positioning of the measuring points were recorded during the inves-
tigations. Here, only the relative positions of outstanding measuring points were noted,
which allowed meaningful conclusions to be drawn in isolated cases, however still lacked
valuable information. This stood out as a clear disadvantage in the evaluation and would
be approached differently in future works by conducting comprehensive mapping.
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Already during the first on-site investigation, obvious differences to the laboratory mea-
surements were noticed in some cases, which either could not be used for validation or
could lead to accuracy problems in the classification. The biggest obstacle here was the
presence of floor heating systems, which, with their positioning under the screed, prevent
a suitable feature extraction, since the resulting reflections do not allow any conclusi-
ons to be drawn about the insulation. At the first three locations, unfortunately, a large
number of the measurement points contained such floor heating, which did not allow any
meaningful evaluation. While the problem was not yet known for the first practical mea-
surement, in the following two investigations either failed communication or unawareness
on the part of the client led to the undesired selection of the objects. For the last two
locations, it was then questioned more than once whether underfloor heating was present
or not before the object was selected. Thus, at least the data collected there could be used
for the planned validation. Nevertheless, valuable experience was gained during the first
three investigations, not least because they revealed a major limitation in the application
of the developed method. However, the aforementioned unawareness, the lack of know-
ledge about the underlying floor structure is also representative of the general problem
with unknown parameters. This problem was also evident in the validation performed
with the two remaining on-site locations.

3.5.2 Methodology Validation

As already indicated, numerous measurements had to be sorted out even before validati-
on since, as in most cases, they contained floor heating, or other obstacles such as screed
reinforcements, present steel beams or missing insulation layers, which avoided compa-
rability. Also strongly attenuated or disturbed measurements sometimes did not allow
the extraction of all required signal features in the whole B-scan and thus could not be
considered either. The application of the classifiers on the remaining new on-site mea-
surements achieved only a low overall accuracy significantly below previously achieved
values within the laboratory data. The reasons for this poor performance are identifiable
differences between laboratory and practice, which suggested overfitting of the classifiers.
In particular, the narrow decision boundary between dry floors and damaged screeds
discussed in 3.4.2 proved inappropriate for the generally much more dynamic and hetero-
geneous B-scans of on-site measurements. Here, dry setups, as well as insulation damage,
were thus frequently misclassified as screed damage. The difference between laboratory
and practice is well shown in Figure 3.3, a scatter plot of the most indicative features FB

and FD for the cases insulation damage and screed damage, respectively. The respective
separation of cases by the individual feature is particularly evident in the laboratory data
set, where, as previously discussed, screed damage is closely located to dry measurements.
Therefore, even slightly higher values for FD are sufficient to predict laboratory screed
damage relatively accurately. Unfortunately, all on-site measurements are far above the
average FD distribution of laboratory data, which explains the almost exclusive classifi-
cation as screed damage for the test data. Although the Figure shows only the scatter
plot of 2 out of 5 features, all other feature combinations depict the same. In the entire
feature space, the on-sit data (test data) lie far away from the laboratory data (training
data), which poses an unsolvable problem of generalization for any model applied. This
is also evident from Table 3.3, where (except FC for insulation damage) the mean value
of each case-specific feature of the on-site data is significantly higher compared to the
laboratory data.
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Figure 3.3: Scatter plot of B-scan features FB and FD for all damage cases within labo-
ratory data and on-site data.

Table 3.3: Statistical comparison between the features and their standardized distribution
for each damage case in the laboratory and on-site

Dry (NLab = 120,NSite = 13) Insulation damage (NLab = 120,NSite = 18) Screed damage (NLab = 120,NSite = 41)
B-scan feature Mean± Std Lab. Mean± Std On-site Mean± Std Lab. Mean± Std On-site Mean± Std Lab. Mean± Std On-site

FA -0.64±0.11 7.85±4.52 -0.63±0.13 10.82±7.34 -0.38±0.29 8.45±6.75
FB -0.75±0.14 0.67±0.85 0.47±0.84 0.65±0.51 -0.53±0.69 0.43±0.58
FC -0.60±0.41 0.41±0.89 0.59±1.08 -0.01±0.66 -0.57±0.26 0.11±0.74
FD -0.62±0.04 0.92±0.81 -0.52±0.19 1.01±0.56 0.12±1.03 0.81±0.79
FE -0.55±0.14 3.70±3.7 -0.42±0.25 1.56±3.00 -0.27±0.28 1.55±2.80

The reasons for the unsteady reflection patterns of the practical floor structures were
determined by varying material parameters within one measurement. This was shown by
significantly changing layer thicknesses (Figures C.12 and C.13) and damages of screed
and insulation within one survey line (Figures C.14 and C.15). Here, the general spatial
limitation of the extracted drilling cores and their generated reference became especially
noticeable. As it has been addressed regarding the laboratory measurements, the many
unknown factors are a major problem with moisture measurements, especially when try-
ing to automatize them.
Nevertheless, in some examples (like given in Figures C.14, C.15, and C.16) the B-scan
features showed a general sensitivity to the different damage cases. Specifically, screed
damage showed strong indicators by influencing each wave type considered. In the case
of an observed transition to or from a moist screed, the DW proved to be a valuable
source of information, as it is not influenced by the underlying layer thickness. However,
also for insulation damage, prominent deviations of RW1 and RW2 with an concurrently
constant DW showed to be a good indicator. Unfortunately, these indicators and the
resulting potential could not be successfully trained due to the small data base and the
previously mentioned problems. Nevertheless, the examples and their findings provide
a valuable contribution to the interpretation of moisture measurements with GPR on
building floors. At this stage, this interpretation is still dependent on deep expert know-
ledge and cannot yet be adopted independently by automated classifiers. Nevertheless,

105



Tim Klewe Synthesis Doctoral Thesis

this expert knowledge can be enriched by the findings of this work. In general, especi-
ally such observed transitions between the damage cases are a valuable information for
the interpretation of the extracted features, even if they caused problems in the auto-
mated classification. Such comparisons between the considered cases are often a needed
circumstance, especially in on-site investigations, to get an orientation for the evaluation.
Unfortunately, such comparisons are never guaranteed, which is a governing uncertainty
factor in moisture measurements.

3.6 Concluding Discussion

Now that all publications and additional preliminary studies have been discussed, a cri-
tical look will be taken at the entire study and the results achieved. In particular, the
question is crucial where, in retrospect, the greatest potential for improvement can be
found, to be precise, what could have been done differently? From the author’s point
of view, three main aspects can be identified, with decreasing relevance and priority for
potential improvement: (i) data, (ii) feature extraction, and (iii) applied models.
The most crucial point for the successful automation of a classification task is the under-
lying database. It must cover the entire space of possibilities with a sufficient number of,
in the best case, balanced examples. Within this work, the database was created using the
collected measurements, i.e. the performed laboratory experiments and the on-site mea-
surements. The former was used for method development and training of the classifiers,
which were then applied to the new on-site data. This revealed a significant gap between
the laboratory and the real world, which raises the question of whether this gap could
have been closed with a different experimental design. Considering a realistic scope to be
maintained, this is seen as rather unlikely. With the chosen approach of the modular test
specimen, the most decisive parameters, material type and thickness, could already be
varied over a realistic range. Nevertheless, such an experimental design always generates
certain dependencies in the data and thus often represents only a special and partly isola-
ted area in the space of possibilities. Even the inclusion of previously unknown difficulties
such as underfloor heating or strongly deviating material parameters within a survey line
would, regardless of the immense effort, again only have produced special examples that
would not have brought any guarantee for improvement. This also applies to the methods
used for damage simulation. The ingress of more heterogeneous screed damage in the ex-
periment might have increased the robustness within the laboratory data, however would
have not necessarily result in greater accuracy for on-site data. Thus, the gap between
laboratory and practice seems insurmountable in the example of moisture measurements
on building floors. This leads to the conclusion that, in the best case, a method for on-site
problems should be developed with referenced on-site data. Therefore, a broad data base
with numerous examples would be necessary. Although even this data set can always be
considered limited and as a small representation of reality, this suspicion could at least
be successively reduced by a constant extension of at best worldwide distributed users.
Here, an open data repository for investigation problems within NDT-CE would be a
great opportunity. Such a repository would significantly increase the success and confi-
dence in developed machine learning classifiers and open up a wide range of possibilities.
However, this would also require accurate documentation of all available references and
metadata. And here, the limitation of the reference, which has been mentioned several
times in particular for moisture measurements, remains a challenging problem. As long
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as the underlying reference still leaves too many unknown parameters open, machine
learning methods, with their strong dependence on the data, will always come up against
the same limitations. However, since an open database was not available for this work
anyway, the question of a greater focus on on-site measurements may be raised. This is
a justified suggestion, as it could at least have enabled the inclusion of on-site data in
the training process. This inclusion was also tried with the on-site data collected here,
however the amount of suitable examples was not sufficient to improve the accuracy. In
this case, further practical measurements might have had a positive effect, however would
have limited the extent of the laboratory experiment. But it was the laboratory expe-
riment that made it possible to study the fundamentals of moisture measurements on
building floors under controlled conditions, which is particularly valuable for interpreting
unknown on-site measurements. For this reason, the question of an adapted focus can-
not be answered clearly. Also in retrospect, the collected findings and methods developed
from the laboratory are seen as a valuable part of the work. This was especially evident in
individual, positive examples within the on-site measurements, as it was discussed in the
end of the previous section. Here, the features used showed their sensitivity and potential
to correctly interpret the different damage cases. The features were mentioned before as
the second most important possibility for improvement and will be discussed critically in
the following.
The researched and further developed (B-scan) features proved to be highly suitable wi-
thin the laboratory data set to identify the different damage cases independent of given
variations in floor structures. Here, the success was based on constant B-scans of dry
setups, which were significantly different from the water induced variations within the
measurements of damaged setups. This observation was also evident in some examples
from the on-site measurements, however here the dry structures showed significantly mo-
re unsteady B-scans. In most cases, this resulted in false positive classifications (false
alarms), since screed damage was often estimated on the basis of the trained decision
boundary. It may therefore be assumed that training with a wide range of practical ex-
amples would result in more robust decision boundaries within the B-scan feature space.
However, this shifts the problem back to the data, which has already been discussed.
Thus, the question arises whether other signal features would have been more appropria-
te for the classification task. Again, this is difficult to evaluate with the results obtained
and the available database. The selected A-scan features have been researched from the
state of the art and have been found to be the most suitable within a data-based feature
selection. This feature selection was also performed again after adding the on-site measu-
rements to the data set, which resulted in the same selection. Nevertheless, other feature
combinations were also tested, which did not produce improvements. However, unlike
the A-scan features, the introduced B-scan features provided the desired sensitivity to
horizontal deviations within a survey line, which were then shown in the validation to
be, at this stage, not that robust. In order to compensate at least for the low-frequency
deviations, the consideration of shorter survey lines was also investigated. This might
have helped for deviations that can occur in the case of a transition between two damage
cases, or in the case of changing layer thicknesses. A survey line was thus divided into
several sections, which were then considered as independent measurement points both
in the training process and in the validation. Unfortunately, no significant improvements
could be achieved here. The suitability of the B-scan features for real world damage ca-
ses can therefore be questioned. As already mentioned, however, these features showed a
promising potential. Nevertheless, at least variations of the proposed approach are con-

107



Tim Klewe Synthesis Doctoral Thesis

ceivable. Here, other statistical operators or other analysis methods could be used. For
example, it would be possible to consider the signal derivatives of the A-scan feature vec-
tors to capture the degree of dynamics within a B-scan. In retrospect, greater potential
is also seen in the acquisition of C-scans. The recording of a measurement grid, i.e. se-
veral parallel measurement lines per measurement point, would result in a higher effort,
but would allow the generation of a 3D representation of the measurement area. This
would result in a considerable increase in information, possibly enabling the detection
of changing material parameters by looking at adjacent areas. Also the introduction of
completely new features, which consider whole depth slices would be possible. During
the preliminary studies for the laboratory experiments, the acquisition of C-scans was
not considered to be profitable in view of the higher effort involved. Only the gained
experience and the problems encountered in evaluating the on-site measurements showed
the potential value of such measurements. Thus, this results in a clear recommendation
for possible improvement.
Finally, it is not ruled out that the use of completely different signal features would be
more suitable for the measurement task. With a sufficiently large amount of data, the use
of deep learning to extract new features directly from the B-scans would be conceivable.
Such approaches from the field of image processing were also briefly considered in this
work. However, the time invested in this was not sufficient for a robust assessment of the
resulting potential. This approach is based on the application of new machine learning
models, which thus introduces the last aspect of this discussion.
As soon as a broad and realistic data set is available and the most suitable features are
extracted, the classification models used can be investigated in more depth. This prioriti-
zation has been discussed before and is also the reason why only models in their standard
configuration have been applied within this work. Nevertheless, this area of optimization
shall be briefly addressed. By performing an automated grid search, different model para-
meters can be chosen iteratively and their effect on the performance of a classifier can be
investigated. Depending on the value range of the parameters and the chosen resolution,
this can result in an arbitrarily large computational effort, since each iteration contains
an independent training and validation process. Whether significant improvements occur
as a result is by no means guaranteed. Therefore, it should always be the last step of a
study in order to achieve the best possible results if necessary. In the context of this work
this step has not yet offered itself. The classification models used performed similarly
both in the laboratory and on-site and did not reveal a favorite. An adjustment of the
model parameters was only very roughly investigated and did not result in any significant
changes. The benefit was therefore considered to be low. Nevertheless, a possible potential
for improvement cannot be completely excluded, also by the use of other classification
models. As already mentioned, however, suitable data and respective features should first
be available for this investigation.
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4. Outlook

The essential findings of the study showed limitations but also promising possibilities.
There are therefore various tasks for future work.
As already stated at the end of the discussion, the tasks should be subject to a clear prio-
ritization. First of all, a broad data base should be developed, consisting mainly of real
on-site data. The establishment of a worldwide used open data repository for NDT-CE
applications would be a valuable step to unfold the potential of promising automation
solutions with the help of machine learning. This, so far, seems to be the best way to train
realistic decision boundaries within the feature space. Also, the inclusion of diverse data,
as by conducting additional radar measurement methods, such as WARR/CMP or C-scan
measurements, can further increase the information value. In all of this, referencing the
data as detailed as possible plays a crucial role. In order to open up the potential for GPR
and machine learning, the depth of information would have to be increased considerab-
ly at great expense, as by combining many procedures. This is because the findings of
this work highlighted the problem of limited local resolution of extracted drilling cores,
as material parameters and damage cases can change over small distances. With such
a limited reference, considering shorter survey lines by windowing could reduce possible
variations, although this may also hinder the potential of the B-scan feature. This is a
trade-off that should be investigated in more depth to develop suitable strategies.
After the establishment of a broad and diverse database, respective features can be re-
evaluated. Both, adaptations of the method presented here and new approaches may be
possible. Also deep learning can be used to process entire B-scan images and to extract
distinctive features. This could possibly lead to the discovery of previously unrecognized
correlations.
Other obstacles encountered in this work also offer the potential for further studies. An
essential aspect here was occurring floor heating, which in view of the recorded measu-
rements at least allows statements about the screed moisture. Here, the characteristic
reflection hyperbolas also offer possibilities for further features, as they can allow a more
precise evaluation of the radar wave’s propagation speed. In this particular case, a prece-
ding laboratory examination would be appropriate to understand governing parameters
like the pipe’s spacing, their dimensions and materials.
To gain some control over the many unknown parameters in moisture measurements,
completely different approaches, such as moisture monitoring, should also be considered.
This is because information on the dry condition of a structure greatly simplifies the de-
tection of moisture-induced changes and allows considerably more meaningful statements
to be made. Looking a little further into the future, radar antennas in vacuum cleaner
robots might be a suitable concept for making an ’Early Warning System’ accessible to
everyone.

109



Tim Klewe Synthesis Doctoral Thesis

Bibliography

[1] F. Kurz and H. Sgarz. Measurement of Moisture Content in Building Materials using
Radar Technology. International Symposium Non-Destructive Testing in Civil Engi-
neering (NDT-CE), 2015.

[2] K. Grote, S. Hubbard, J. Harvey, and Y. Rubin. Evaluation of infiltration in layered
pavements using surface GPR reflection techniques. Journal of Applied Geophysics
57, 57(2):129–153, feb 2005.

[3] F. M. Fernandes, Andreia Fernandes, and Jorge Pais. Assessment of
the density and moisture content of asphalt mixtures of road pavements.
Construction and Building Materials, 154:1216–1225, nov 2017. htt-
ps://doi.org/10.1016/j.conbuildmat.2017.06.119.

[4] J. Q. Cai, S. X. Liu, L. Fu, and Y. Q. Feng. Detection of railway subgrade moisture
content by GPR. 16th International Conference on Ground Penetrating Radar (GPR),
jun 2016. https://doi.org/10.1109/ICGPR.2016.7572613.

[5] J. van der Kruk, R. W. Jacob, and H. Vereecken. Properties of precipitation-induced
multilayer surface waveguides derived from inversion of dispersive TE and TM GPR
data. Geophysics, 75(4):WA263–WA273, jul 2010. https://doi.org/10.1190/1.3467444.

[6] C. Strangfeld and T. Klewe. Hygrometric Moisture Measurements Based on Embed-
ded Sensors to Determine the Mass of Moisture in Porous Building Materials and
Layered Structures. European Workshop on Structural Health Monitoring, pages 213–
225, 2021.

[7] F. Radtke. Schnellbestimmung der Feuchtigkeit beliebiger Materiali-
en mit der Carbid-Methode. https://www.radtke-messtechnik.com/wp-
content/uploads/2021/06/Anleitung-CM-Ger2.05 edition, 2021.

[8] N. Tran, J.-G. Schneider, I. Weber, and A. K. Qin. Hyper-parameter optimization in
classification: To-do or not-to-do. Pattern Recognition, 103:107245, jul 2020.

110



Tim Klewe List of Tables Doctoral Thesis

List of Tables

A.1 Overview of publications that perform moisture measurements in civil
engineering based on signal features of the radar signal. DW - direct wave;
RW - reflection wave; CO(al) - common-offset (air-launched); A, B, C -
according to Fig. A.5; fc - applied center frequency . . . . . . . . . . . . 23

2.1 Properties of the different screed types used for test specimens. . . . . . 36

B.1 Used materials and layer thicknesses for the screed (top) and insulation
layer (bottom). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

B.2 Statistical comparison (k = 20-fold cross-validation) of the achieved accu-
racies for all trained classifiers. . . . . . . . . . . . . . . . . . . . . . . . 63

B.3 Achieved scores of the applied B-scan features. . . . . . . . . . . . . . . 66

C.1 Used materials and layer thicknesses for the screed (top) and insulation
layer (bottom). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

3.1 Overview of the resulting humidity values in the insulation material during
the laboratory experiments on the modular test specimen. . . . . . . . . 100

3.2 Statistical comparison between the water contents in damaged insulations
and screeds for all on-site measurements. . . . . . . . . . . . . . . . . . 101

3.3 Statistical comparison between the features and their standardized distri-
bution for each damage case in the laboratory and on-site . . . . . . . . 105

111



112



Tim Klewe List of Figures Doctoral Thesis

List of Figures

1.1 Project plan to classify the two common damage cases on building floors
(wet insulation and wet screed) by extracting and combining distinctive
signal features of GPR. . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

A.1 Principle of GPR reflection and underlying signal paths . . . . . . . . . 15
A.2 Example of a recorded energy-signal in time domain (A-Scan) including

the direct wave (DW) and reflection wave (RW). Basic signal features
are the peak-to-peak amplitudes ADW,p−p and ARW,p−p located at the first
peaks of DW and RW. The time difference ∆tRW between both peaks is
often considered as the travel time. . . . . . . . . . . . . . . . . . . . . . 15

A.3 Principle of a line measurement with GPR in common-offset configuration 16
A.4 GPR with multiple offsets: common-midpoint and wide angle reflection

and refraction configuration . . . . . . . . . . . . . . . . . . . . . . . . . 17
A.5 Principle of signal processing to estimate the moisture content θ by using

the reflected energy signal of GPR . . . . . . . . . . . . . . . . . . . . . 19

2.1 Sketch of cast test specimen (TS) and respective sister test samples (STS).
The numbering of the STS defines the day after casting, on which the
sample is used for referencing moisture methods (Darr and CCM). . . . 36

2.2 Casting of screed samples: a) Freshly mixed CA screed gets poured into
its formwork. b) Embedding of threaded sleeves into each corner to enable
handling with ring bolts. . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.3 Storage of the samples in a climate controlled tent at 23 °C and 50 % RH. 37
2.4 Measurement setup with neutrone probe and radar antenna on screed test

specimens. The right graphic shows the perpendicular orientation of the
two recorded GPR survey lines on a screed in top view . . . . . . . . . . 38

2.5 Extracted signal features of a radar measurement (A-scan) consisting of
direct wave (DW) and reflection wave (RW). 1, 3 and 4: peak-to-peak
amplitudes; 2, 5: maximum frequencies ; 6, 7 and 8: two-way travel times. 39

2.6 Regarded features of radar and neutron probe for the multivariate analysis
of screed moisture. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

2.7 Moisture contents of all screed types with 6 cm thickness measured on TS
and STS by Darr (yellow, red) and CCM method (purple) . . . . . . . . 41

2.8 Influence of moisture on the radar signal: Mean A-scans of the 6 cm CT1
screed recorded on different days after casting. . . . . . . . . . . . . . . . 41

2.9 Extracted signal features of 6 cm CT1 screed with corresponding numbe-
ring in the legend (see Figure 2.5) and their correlation to the measured
TS moisture profile from Fig. 2.7 . . . . . . . . . . . . . . . . . . . . . . 42

2.10 Mean A-Scans of the 6 cm CA1 screed on different days after casting
and the extracted signal features that are influenced by the interference
between DW and RW. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

2.11 Actual vs. predicted moisture of MLiR models with different combinations
of input features (see also Figure 2.6) . . . . . . . . . . . . . . . . . . . . 44

B.1 Principle of GPR. Multiple A-scans collected along a survey line form
a B-scan. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

113



Tim Klewe List of Figures Doctoral Thesis

B.2 Schematic of the work steps presented in section 2 divided by their respec-
tive subsections. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

B.3 Modular test specimen with screed, insulation, and concrete base layer. . 54
B.4 Evaluation of the resulting insulation damage through the use of embedded

humidity sensors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
B.5 NMR measurements showing the depth-resolved moisture distribution du-

ring the saturation process of the 5 cm CT (left) and CA (right) screed. 56
B.6 Measurement procedure with 40 cm long radar survey lines 1 and 2.

The neutron probe is placed in the center of the construction. . . . . . . 57
B.7 Exemplary A-scan with three prominent amplitudes influenced by present

material interfaces. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
B.8 Processing steps to extract A- and B-scan features. . . . . . . . . . . . . 59
B.9 Measurements at a 7 cm CT and 10 cm EPS floor construction for the

scenarios: (a) Dry, (b) damage insulation, and (c) damage screed. The bot-
tom (d–f) shows the respective A-scan vector plots for each B-scan (top).
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

B.10 Measurements at an 7 cm CA and 6 cm GW floor construction for the
scenarios: (a) dry, (b) damage insulation and (c) damage screed. The bot-
tom (d–f) shows the respective A-scan vector plots for each B-scan (top).
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

B.11 Water ingress (dark dyeing) in the 6 cm GW insulation. The pictures
show the respective bottom of each used insulation plate (40 cm × 40 cm
× 2 cm) in quadrant IV. . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

B.12 Combined confusion matrices for the individual insulation (green) and
screed (gray) thicknesses considered in the experiment. The classifier’s ac-
curacies within one cell are presented in the same order as in Table B.2.
Rows and columns include the actual and the predicted (ˆ) scenario, re-
spectively. The blue confusion matrix summarizes the overall accuracies
for each scenario. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

B.13 Water ingress (dark dyeing) in the 2 cm GW insulation. The picture shows
the bottom of the used insulation plate (40 cm × 40 cm × 2 cm) in
quadrant IV. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

B.14 Measurements at a 6 cm CT and 6 cm PS floor construction for the scena-
rios: (a) dry, (b) damaged insulation, and (c) damaged screed. The bottom
(d–f) shows the respective A-scan vector plots for each B-scan (top). . . 65

B.15 Scatter plots showing the feature combination of FB & FC (left), FB &
FD (middle) and FD & FE (right). . . . . . . . . . . . . . . . . . . . . 66

C.1 Modular test specimen with screed, insulation, and concrete base layer
(left, middle) and the simulation of an insulation damage by adding water
to the setup (right). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

C.2 GPR procedure (left) around a measurement point from which the refe-
rence drilling core is extracted (example right). It is covered by two 50 cm
radar survey lines measured with the SIR 20 from GSSI and a 2 GHz
antenna pair. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

C.3 Processing to extract A- and B-scan features. . . . . . . . . . . . . . . . 77

114



Tim Klewe List of Figures Doctoral Thesis

C.4 Two exemplary B-scans (top) and their respective A-scan features (bot-
tom) of dry on-site floors in Grossenseebach. The transparent-white, verti-
cal bars mark the position of the extracted drilling cores within the survey
lines. The obtained thickness and moisture content of screed and insulation
are given in the B-scan’s bottom right corner. . . . . . . . . . . . . . . . 79

C.5 Two exemplary B-scans (top) and their respective A-scan features (bot-
tom) of on-site floors with insulation damage in Nürnberg. The transparent-
white, vertical bars mark the position of the extracted drilling cores within
the survey lines. The obtained thickness and moisture content of screed
and insulation are given in the B-scan’s bottom right corner. . . . . . . . 79

C.6 Two exemplary B-scans (top) and their respective A-scan features (bot-
tom) of on-site floors with screed damage in Grossenseebach. The transparent-
white, vertical bars mark the position of the extracted drilling cores within
the survey lines. The obtained thickness and moisture content of screed
and insulation are given in the B-scan’s bottom right corner. . . . . . . . 80

C.7 Disturbing floor heating exemplary shown by three measurements from
Wunsiedel. The moisture contents for both, screed and insulation, rise
from left to right. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

C.8 Screed reinforcement mesh visible inside the drilling hole of MP 16 (left)
and in the respective B-scan (right). . . . . . . . . . . . . . . . . . . . . 81

C.9 Steel beam within the survey line (SL) of MP 13 in Nürnberg (left) and
the respective B-scan (right). . . . . . . . . . . . . . . . . . . . . . . . . 82

C.10 Classification results of the data sets Grossenseebach and Nürnberg repre-
sented by their individual overall accuracy and confusion matrices. Each
cell includes the relative (decimal number) and numerical (natural number
in brackets) amount of classified cases. . . . . . . . . . . . . . . . . . . . 83

C.11 Exemplary laboratory B-scans (top) and their respective A-scan features
(bottom) at an 6 cm CT and 5 cm XPS floor construction for the scenarios:
dry, damage insulation, and damage screed. . . . . . . . . . . . . . . . . 84

C.12 Layer thicknesses of screed (black) and insulation (green) for every MP in
the classified data sets of Nürnberg and Grossenseebach. The alternating
background of white and grey signalizes changing rooms. . . . . . . . . . 84

C.13 Layer thicknesses of screed (black) and insulation (green) for every MP in
the discarded data sets of Berlin, Wunsiedel, and Pegnitz. Points within
one background bar (white or grey) were located in the same room. . . . 85

C.14 B-scans and extracted A-scan features of the two neighbouring MPs 40
and 34 in Nürnberg. Their orientation within the room is shown by the
measurement grid on the left. . . . . . . . . . . . . . . . . . . . . . . . . 86

C.15 B-scans and extracted A-scan features of the two neighbouring MPs 2 (a)
and 3 (b) in Grossenseebach. Their orientation within the room is shown
by the measurement grid on the left. . . . . . . . . . . . . . . . . . . . . 87

C.16 Examplary B-scans and A-scan feature distribution of two on-site insulati-
on damages from Nürnberg (MP 17 and MP 24) compared to a laboratory
insulation damage with similar floor setup. . . . . . . . . . . . . . . . . . 87

3.1 Comparison of a 2 GHz and 2.6 GHz A-scan recorded on the 6 cm CT1
screed. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

3.2 Sorption isotherm of EP and XP . . . . . . . . . . . . . . . . . . . . . . 101

115



Tim Klewe Abbreviations Doctoral Thesis

3.3 Scatter plot of B-scan features FB and FD for all damage cases within
laboratory data and on-site data. . . . . . . . . . . . . . . . . . . . . . . 105

116



Tim Klewe Abbreviations Doctoral Thesis

Abbreviations

∆tRW Time difference between DW and RW

A Direct air wave

Axy Amplitude of xy ∈ {DW, RW1 or RW2}
Axy,p−p Peak-to-peak amplitude of xy ∈ {DW or RW}
A0 Reflected air-surface amplitude

Am Highest possible amplitude (on metallic reflector)

ANN Artificial neural network

A-scan Single radar reflection signal in time tomain

B-scan Radargram, series of A-scans

C Critical refracted wave

c0 Speed of light

CA Calcium-sulphate-based screed

CCM Calcium-carbide method

CE Civil engineering

CMP Common-midpoint

CRIM Complex refractive index model

C-scan Series of B-scans

CT Cement-based screed

D Direct wave feature (amplitude)

d or D Distance of objects, thickness of layers

DW Direct wave

e.g. Exempli gratia (lat.: for example)

EM Electromagnetic

EPS Expanded polyethylene

Eq. Equation

ϵ Dielectric permittivity

ϵ0 Dielectric permittivity in vacuum

ϵr Relative dielectric permittivity

Fx A-scan feature x ∈ {1,2,3,4,5}
F⃗x A-scan feature vector x ∈ {1,2,3,4,5}
Fy B-scan feature y ∈ {A,B,C,D,E}
FFT Fast fourier tranformation

fxy Dominant frequency of xy ∈ {DW, RW1 or RW2}
G Direct ground wave

GPR Ground penetrating radar

GW Glass wool

Md dry basis moisture content (Darr)

MLiR Multiple linear regression
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MLR Multinomial logistic regression

MP Measurement point

µ Magnetic permeability

NDT Non-destructive testing

NDT-CE Non-destructive testing in civil engineering

NMR Nuclear magnetic resonance

PE Polyethylene

PS Perlites

R Refelction wave feature (amplitude)

r Reflection coefficient

RF Random forest

RH Relative Humidity

RMS Root mean square

RW or R Reflection wave

Rx Receiver

S Neutron probe feature (counts)

s spacing between Tx and Rx

S1-S5 Humitidy sensors

STFT Short-time fourier transformation

STS Sister test specimens

SVM Support vecotor machine

σ Electrical conductivity

T Travel time feature

TS Test specimens

Tx Transmitter

Θ Water content

v radar wave velocity

WARR Wide angle reflection and refraction

Wd Dry sample weight

WT Wavelet transformation

wt% or M% Weight percent or Mass percent

Ww Wet sample weight

XPS Extruded polyethylene
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I. Comparison of the Calcium
Carbide Method and Darr Drying to
Quantify the Amount of Chemically
Bound Water in Early Age Concrete

Abstract

Hydration is the exothermic reaction between anhydrous cement and water, which forms
the solid cement matrix of concrete. Being able to evaluate the hydration is of high
interest for the use of both conventional and more climate-friendly building materials.
The experimental monitoring is based on temperature or moisture measurements. The
first needs adiabatic conditions, which can only be achieved in laboratory. The latter
is often measured comparing the weight of the material sample before and after oven
drying, which is time-consuming. This study investigates the moisture content of two
cement-based and two calcium-sulphate-based mixtures for the first 90 days by using the
calcium carbide method and oven drying at 40 °C and 105 °C (Darr method). Thereby,
the amount of chemically bound water is determined to derive the degree of hydration.
The calcium carbide measurements highly coincide with oven drying at 40 °C. The calci-
um carbide method is therefore evaluated as a suitable alternative to the time consuming
Darr drying. The prompt results are seen as a remarkable advantage and can be obtained
easily in laboratory as well as in the field.
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I.1 Motivation

In 2020, the global human-made mass exceeded all living dry biomass [1] and increases
further exponentially [2]. More than 95 % of this anthropogenic mass consists of hy-
drophilic porous materials and the biggest share is concrete with around 40 % [1]. The
cement industry is responsible for around 8 % of the global CO2 emission [3], which is
estimated to grow by 12 % - 23 % until 2050 [4]. But concrete does not last forever.
High investments in maintenance of modern transport infrastructure are required. For
example, around 13 billion euro are needed in Germany every year [5]. Furthermore, new
structures have to sustain much higher loads due to an almost permanent increase of frei-
ght transport during the last decades [6]. This is also reflected in an increase of assumed
traffic loads to be considered for the design and evaluation of the load-bearing capacity of
new bridges [7]. Therefore, the application of specialised concrete mixtures such as ultra-
high performance concrete or high-strength concrete comes into question. Nevertheless,
these maintenance and building activities generate negative impacts on the environment
as well. Per tonne cement, around 580 kg of CO2 are emitted, mainly due to the chemical
process of decarbonation [8, 9]. Thus, as a substitute for cement, “alternative clinkers”,
which have a lower chemical CO2 emission, are promoted nowadays [8, 10, 11]. Further-
more, the demolition of existing structures generates huge amounts of waste. For example
36.4 % of the overall waste (by weight) of the EU comes from the construction sector [12].
This clearly shows the saving potentials if recycled building materials are used. Modern
concrete structures should sustain higher loads with simultaneous reduction of CO2 and
usage of recycled construction material.
New binders, new mixtures, use of recycled materials or aggregates, they all represent
very promising approaches. Creating confidence in these new materials requires reliable
in situ characterisation. In construction, one crucial parameter is the degree of hydration
(DoH). For instance, on this parameter the current and final compressive strength are
estimated or concrete post-treatment actions are scheduled and optimised. Therefore, this
study discusses an approach for quantifying the DoH which works in the field as well.

I.2 Theory to chemisorption of water in early age

mixtures

Although concrete is designed to last for several decades, its essential properties are de-
termined during the first hours, days, and weeks after concreting. As soon as the dry
bulk material comes into contact with mixing water, the hydration process starts im-
mediately [13]. During this chemical reaction, the resulting micro-structure is developed.
Within this process, the liquid mixing water undergoes a change of state. A significant
part of it is hydrated, i.e. the liquid water is absorbed by the solid matrix and remains
chemically bounded [14]. In addition, physisorption occurs, i.e. liquid water is adsorbed
at the fringe of the emitting pore network [15]. Although this water interacts with the
surface of the solid cement matrix, its binding energy is much lower compared to chemi-
cally bound water, even in the case of mono-layer adsorption [16]. Thus, in distinction
to chemically bound water, adsorbed liquid water is also called physically bound water.
In most cases, more mixing water is present in the pore network as it would be required
for absorption and adsorption. This water is transported to the boundary of the solid
structure by hydraulic conductivity or diffusion within the pore network and evaporates

123



Tim Klewe Appendix Doctoral Thesis

at the outer surface [17]. This part of the mixing water is also called evaporable, mobile,
or free water. Nonetheless, absorption and adsorption of mixing water are always closely
linked [18]. The hydration generates a fine pore structure with an increasing inner surface
at which physisorption takes place [19]. These two processes are jointly responsible for
self-desiccation of concrete [18]. If there is not enough liquid water available, the hydra-
tion process is unintentionally decelerated or even stops entirely [20]. This has probably
strong negative effects on concrete strength, durability and other properties, leading to a
significantly reduced lifetime of the entire structure. A precise modelling and quantifica-
tion of the entire hydration process at an early state is important to ensure a high level
of long-term concrete performance [13, 21].
Figure I.1 shows a schematic sketch of the evolution of water and its different states of
matter during the hydration process. In the beginning, the dry bulk material in solid state
and the mixing water in liquid state are separated. In this sketch all quantities are given
in weight. The sum of the initial weight of dry bulk material and mixing water gives the
maximum reachable weight of the hydrated sample. During concreting, both are mixed
together, and the hydration starts immediately [13]. In the considered scenario, evapora-
tion is taken into account as well. The mixing water takes all three states of matter. A
large portion of the mixing water is used for the hydration of the bulk material. In this
process, several hydration products are formed and the mixing water is bound into the
material matrix [22, 23, 24]. Although all bound water could be re-extracted at very high
temperatures of more than 1000 °C [25], at normal ambient conditions the water becomes
part of the solid phase and remains there. This leads to an increase of the dry sample
weight over time, because the hydrated water is assigned to the dry material matrix. A
portion of the mixing water evaporates at the outer surface of the sample. This water in
gaseous phase is adsorbed by the ambient air and does not contribute to the hydration
process anymore. Hence, the total weight of the moist sample decreases over time. Both
hydration and evaporation lead to a reduction of the mixing water in liquid phase and this
process continues until a thermodynamic equilibrium is reached. At this state, the dry
material weight remains constant because the hydration process is finished. Furthermore,
no evaporation occurs anymore, because the humidity level within the pore network of
the sample is in equilibrium with the ambient conditions as well. However, even at this
stage, water in liquid phase is still present in the system. This is the physisorption of
water at the inner surface of the pore network and can be determined, following various
adsorption theories [26, 27, 28]. This remaining part of the mixing water is the material
moisture. The adsorbed liquid water in the pores contains dissolved salt and hydroxide
ions, leading to different chemical properties compared to the initial mixing water from
the tap. Although the thickness of the adsorbed water layer is in the lower nanometre
range [27, 29], it is still in liquid phase. The upper right area of figure I.1 shows the final
amount of water in each of the phases: the evaporated water in gaseous phase, the adsor-
bed water in liquid phase and the absorbed/hydrated water as part of the solid phase.
Finally, the ratio between the amount of chemically bound water divided by the ulti-
mate amount of chemically bound water at thermodynamic equilibrium represents the
current state of hydration [30, 31]. At thermodynamic equilibrium, the dry sample weight
is supposed to be constant. In case of altering the material itself, e.g. by carbonation,
the dry sample weight might alter as well. The older the sample, the stronger are the
possible deviations. In our experiment, all samples were freshly made, so the influence
of carbonation is negligible. Thus, a monitoring of the hydration process is possible by
measuring the dry weight of the material matrix over time. As already mentioned, there
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Figure I.1: Schematic sketch of the evolution of the mixing water and its phase transition

are several techniques and settings for material drying. To overcome this uncertainty of
choosing the ”right”method of drying, a second approach is to measure the amount of
water in liquid phase and subtract this from the total weight of the moist sample to yield
the dry sample weight. Following the second approach, experimental CCM-measurements
are carried out in this study.

I.3 State of the art of measuring the degree of hy-

dration

The hydration process itself includes the formation of several hydration products such
as calcium silicate hydrates (C-S-H), ettringite, monosulphate, calcium hydroxide, etc.
[22, 23, 24]. In general, two parameters are used to quantify this complex process; the
isothermal heat of hydration Q or the amount of chemically bound water wb [30]. To de-
rive the current state of hydration, these two parameters are set in relation to their final
values Q∞ and wb,∞ when the hydration is completed. Finally, both Q/Q∞ or wb/wb,∞
yield theoretically the current state of hydration [30]. Both parameters show an asym-
ptotic approach towards the unit value but never reach this value in practice. This would
require an ideal setup including the ”perfect”water-to-cement ratio for full hydration and
ideal hydration shells around the cement grains [14, 32]. The experimental procedure for
measuring Q based on calorimetry is widely established [18, 19] and already standardi-
sed [33, 34]. However, adiabatic or isothermal conditions are required, which makes this
method only feasible in the laboratory. As a method is required which works reliable in
the field as well, calorimetry is not considered further in this study
Another parameter than temperature is required to describe the process in the field.
Therefore, several approaches exist to determine the degree of hydration based on wb,
i.e. the amount of bound water. In a first step, the amount of physically bound water
has to be determined and/or removed. Probably the most common method is the Darr
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drying in an oven [35]. Choosing the right drying temperature is already a widely discus-
sed issue with recommended temperatures between 40 °C and 105 °C for cement-based
materials [36, 37, 38, 39, 40]. Ettringite and gypsum might become unstable already at
temperatures above ca. 60° C [36, 41, 42], as well as the interlayer water between the
C-S-H sheets due to cavitation [43]. It must also be considered that the oven drying may
lead to a significant bias in the data, because the hydration process is not stopped im-
mediately after sample extraction. On the contrary, increased ambient temperatures lead
to an accelerated hydration as long as sufficient moisture is available within the sample
[14, 30]. Oven drying provides in fact only single point measurements and the experi-
mental values might not be representative for the current state of hydration. Therefore,
other approaches were developed to determine the material moisture during hydration
such as ground penetrating radar [44], time-domain reflectrometry [45], electrical impe-
dance and conductivity [46], piezoelectric sensors [47], relative humidity measurements
[48, 49], nuclear magnetic resonance relaxometry [50], or infrared spectroscopy combined
with scanning electron microscopy [51]. Nevertheless, all these mentioned measurement
techniques require a precise calibration for the investigated cement-mixture at control-
led ambient conditions. This high laboratory effort prevents these methods from being
used in the field. An alternative approach is the use of several ßister-samples̈ınstead of
investigating the sample of interest directly. All samples are made of the same batch of
mixture and exposed to identical environmental conditions. Nevertheless, the challenge
of measuring the ”trueämount of chemically bound water remains.
Despite the challenges in measuring the DoH, the results are highly dependent on the
investigated material. Jennings showed a DoH of around 55 % after three days for a
cement-based material with a water-cement ratio of w/c = 0.4 based on calorimetry
measurements [52]. Similar to this, Di Luzio et al. measured a DoH of 60 % after 7 days
for an ordinary Portland cement with w/c = 0.4 [31]. Cook et al. investigated mixtures of
Type 1 Portland cement with 0.3 ≤ w/c ≤ 0.7. After 10 days, the DoH was between 45 %
and 55 %, whereas different methods of sample drying were evaluated [53]. A Montalieu
cement with w/c = 0.35 was investigated by Bentz et al. [32]. There, a DoH of around
82 % was already reached after 4.5 hours. Scrivener et al. found that for a white cement
paste with w/c = 0.4 that after 10 days only around 5 % of the initial capillary water
was present. All these mentioned studies were carried out in the laboratory at controlled
ambient conditions and with precisely characterised mixtures. Today, the use of climate-
friendly cement and recycled building materials comes more into focus [8, 10, 11, 54].
To determine the DoH of such new and often rather unknown mixtures based on the
amount of chemically bound water will be very challenging, even in laboratory. Ideally,
the applied measurement technique should be applicable in the field as well.
In this study, we used the calcium carbide method (CCM) to derive the amount of che-
mically bound water as an indicator of the DoH. The calcium carbide reacts with the
evaporable water of sampling material in a pressure vessel. The reaction leads to a mea-
surable pressure increase, which is proportional to the amount of free water [55]. Thereby,
this method has several advantages. It is easy to use both in laboratory and in the field.
The sampling material is investigated directly without any kind of sample drying. This
means there is no time delay and no uncertainty about the drying procedure. Therefore,
the measurement value is representative for the current state of hydration and no cali-
bration for the material composition is needed. We investigated two cement-based and
two calcium-sulphate-based mixtures for the first 90 days. The CCM measurement are
compared with oven dried samples at 40 °C and 105 °C for validation.
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I.4 Materials

In this study, two cement-based and two calcium-sulphate-based materials were inves-
tigated. The dry bulk material was purchased as bagged goods from a local hardware
store. The properties of the different materials are listed in table I.1. As the binder and
the aggregates are already premixed, the water demand is given in liter per kilogram
dry screed material. The mixing water itself was ordinary tap water. The binder of the
screed is identical to concrete, just the maximum aggregate size is 8 mm, which is higher
for concrete. For each screed type, three different sample heights h of 50 mm, 60 mm,
and 70 mm were investigated. A new sample was required for each of the nine intended
measurement days for the destructive CCM testing. In total, 27 samples of each calcium-
sulphate screed type, and 54 samples of each cement-based screed type were produced
from one respective mixture batch. The number of samples for the cement-based screeds
was doubled to investigate the difference between Darr drying at 40 °C and 105 °C. Both
ovens had no humidity control, they used just supply air from the ambient. The ambient
conditions around the ovens in the experimental hall are estimated to be around 23° C
and 40 % relative humidity. 1

Table I.1: Classification of the used cement-based and calcium-sulphate-based screed ty-
pes.

binder type compressive strength bending tensile strength water demand aggregate size label
cement (CT) screed 25 Nmm−2 5 Nmm−2 0.1333 lkg−1 0 - 5 mm CT-C25-F5
cement (CT) rapid screed 40 Nmm−2 7 Nmm−2 0.0875 lkg−1 0 - 4 mm CT-C40-F7

calcium-sulphate (CA) floating screed 25 Nmm−2 5 Nmm−2 0.15 lkg−1 0 - 4 mm CA-C25-F5
calcium-sulphate (CA) floating screed 30 Nmm−2 7 Nmm−2 0.15 lkg−1 0 - 2 mm CA-C30-F7

I.5 Experimental approach

CCM requires small portion of sampling material. A certain amount of material of around
10 g to 100 g is extracted and needs to be crushed into small particles. Then, the sampling
material is weighted and filled in a pressure vessel with known inner volume. A certain
amount of anhydrous calcium carbide is added in a glas-ampulla. Steel balls are placed
in the pressure vessel as well for further crushing of the sampling material. Then, the
pressure vessel is sealed, and the pressure recording is started. By shaking the vessel by
hand, the sampling material is ground and the calcium carbide ampulla cracks. At this
point, the chemical reaction starts. [55]
The calcium carbide reacts with the evaporable water of sampling material in the sealed
pressure vessel. The reaction takes place at the surface of the calcium carbide particles
and must be in contact with the sampling material (through crushing and shaking).
Calcium carbide and liquid water react to solid calcium hydroxide and gaseous acetylene
(CaC2 + 2H2O → Ca(OH)2 + C2H2). The acetylene occupies more volume than the
initial materials, leading to a pressure increase within the pressure vessel. Each molar
volume of water leads to the same molar volume of acetylene, independent of the material
composition. After the procedure is terminated and the resulting pressure is corrected
according to the temperature inside the vessel, the amount of liquid water is known. At
this point, the entire chemical reaction is not necessarily finished, i.e. a small amount of

1product name of the used screeds in the order of table I.1: maxit plan 425, maxit plan 435, maxit
plan 470, maxit plan 490
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the material moisture has not reacted yet. Calcium carbide might react in the same way
with methanol, so the sampling material must be free of methanol to avoid a systematical
measurement bias. [55]
According to figure I.1, the weight of the dry material can now be derived. The moist
sample material was weighted before filling the sampling material into the pressure vessel.
Based on CCM, the weight of liquid water is measured. Subtracting the two weights will
give in the dry material weight. This includes the dry bulk material and the hydrated
water. Knowing the initial weight of the sister-sample and its w/c-value, the weight of
chemically bound water can be determined, independent of the material composition and
without the uncertainties of sample drying.
The corresponding equations for the material moisture and weight are briefly summarised.
Here, m denotes mass in kg and M stands for the material moisture by weight in kg water
per kg material. The material can be considered in two conditions, dry or moist, which
leads to different reference masses and moisture values, so that there are two definitions
for the material moisture, Mmoist =

mH2O

mmoist
orMdry =

mH2O

mdry
. Equation I.1 gives the relation

between the dry mass mdry and the moist mass mmoist. The difference between both is
the physiosorbed mass of moisture mH2O.

mdry = mmoist −mH2O = mmoist −mwet ·Mmoist = mmoist · (1−Mmoist) (I.1)

The Darr method directly yields the dry mass, and hence Mdry. Although the CCM
approach measures Mmoist, the underlying calibration functions are mostly given in Mdry

[55]. Equation I.2 yields the calculation of Mmoist based on Mdry. This formulation is free
of any measured mass and therefore generally applicable.

Mmoist =
1−Mdry

−Mdry +
1

Mdry

(I.2)

To describe the hydration process according to figure I.1, the determined masses are
normalised by the initial mass minitial, which is the summation of the dry bulk material
and the mixing water. Following the initial identity of mdry = mmoist − mH2O, the two
different measurement principles are directly comparable.

mmoist · (1−Mmoist,CCM )

minitial

=̂
mdry,Darr

minitial

(I.3)

I.6 Testing procedure and sample preparation

To cast the samples, cylindric formworks were designed as shown in Figure I.2. Therefo-
re, sliced polyvinyl chloride pipes were attached and sealed on a filmfaced plywood with
silicone. A vertical slit closed by a hose clamp was applied to ensure an easy stripping of
the formwork after casting. All screed mixtures were produced according to the manu-
facturers’ instructions and then poured into the formworks. With a vibrating table, an
appropriate compression was achieved. Unlike the drawing in Figure I.2, multiple form-
works were attached to one single plywood to accelerate the described process of casting
and compressing. Because of this, it was not possible to weigh each individual sample
immediately after casting. Instead, this was therefore postponed to the day after casting.
During this time all fresh samples were covered with a PE foil to limit the evaporation
of mixing water.
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Figure I.2: Formwork (left) to cast the resulting screed sister-samples (right) of 100 mm
diameter and varying heights h of 50 mm, 60 mm, and 70 mm.

After a 20 hour curing time, the formworks were removed, and each sample was weighed
to obtain minitial. Then, the bottom and side surfaces were covered with PE foil and
waterproof tape, respectively, to allow a realistic self-desiccation from above. For the
remaining testing time, all samples were stored under controlled climatic conditions of
23 °C and 50 % relative humidity. The first measurement day was 7 days after casting
followed by tests after 10, 14, 21, 28, 35, 50, 70, and 90 days. For CT-C25-F5 the first
measurement had to be discarded due to the use of outdated calcium carbide.
A measurement day included the following procedure:

1. The respective sister-sample is removed from the climate chamber and unwrapped
from its waterproof tape and PE foil cover.

2. The sample is weighed to obtain mmoist,total for the CCM.

3. CCM testing is performed.

(a) A small portion of material was taken off destructively from the sample:

i. CT screed: Since there are two samples for each measurement day, 20 g
are collected from the upper part of the first, and from the lower part of
the second sample. The broken off piece was approximately 30 mm deep
on each side, independent of the sample thickness.

ii. CA screed: According to the expected moisture content, 20 g (7 days old),
50 g (10 days or older) or 100 g (35 days or older) are collected over the
entire height of the sample.

(b) CCM procedure is further conducted as described in I.5 to obtain Mmoist,CCM .
According to the manufacturer’s manual the time intervals for shaking the
vessel were: (start) 1 min shaking - 3 min rest - 1 min shaking - 5 min rest -
10 s shaking (end).

4. The remaining sample is weighed to obtain mmoist,remain for Darr drying.

5. The remaining sample is then put into an oven:
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(a) CT screed: one sample is dried at 40 °C, one at 105 °C

(b) CA screed: dried at 40 °C

All measurements were carried out by the same person to reduce the influence of the
human factor. This is especially relevant for the CCM testing, where the intensity of
shaking could have an influence on the release of reactive liquid water. To avoid this,
commercial CCM manufacturer might offer stir sticks connected to an electric drill to
generate a recurring crushing of the material. If flinty stones are included in the material,
the stir sticks avoids sparking which might ignite the gas inside the pressure vessel. The
emitted pressure wave is not a safety issue, but would probably destroy the membrane of
the integrated pressure sensor.
During the drying process, the sample weights were controlled in appropriate intervals of
one to three days. The samples were removed from the oven and were left for 20 minutes
to cool off, before being weighed. According to [35], mdry is reached, when the difference
in mass on three consecutive weightings (with at least 24 hours in between) does not
change more than 0.1 % of the total mass. The average drying time for CT screed was
21 to 22 days at 40 °C and 7 to 8 days at 105 °C. CA screed dried after 6 to 7 days at
40 °C.

I.7 Results

In a first step, the results of the measured material moisture are compared between
the CCM and Darr method. For the latter, the influence of the drying temperature is
discussed as well. Afterwards, the amount of chemically bound water is derived.

I.7.1 Comparison of material moisture based on Darr and CCM

Figure I.3 shows the measured material moisture of the calcium-sulphate-based samples
over time. For both screed types, an oven temperature of 40 °C is recommended for
Darr drying. The first measurements started 7 or 10 days after concreting, showing the
highest moisture values for both methods. After around 70 days, both sample moisture
values are close to equilibrium. The CCM gives constant material moisture and the Darr
drying indicates still a slightly decreasing moisture. Nevertheless, all four lines show
the expected asymptotic trend. Furthermore, the correlation is high between the CCM
and Darr method. If unintended hydration is going on during oven drying, the material
moisture decreases. The opposite is measured for both samples. The Darr drying gives
higher moisture values for at least the first 20 days. These measurements indicate that
hydration is negligible in the time frame between sample extraction and the end of oven
drying. In this case, both approaches seem to be suitable for the measurement of material
moisture, and in consequence for the determination of chemically bound water as well.

The same analysis as described above is done for the cement-based sample CT-C25-
F5. For cement-based material, there is no unified drying temperature [39]. For practical
reasons, 105 °C are chosen which yields the shortest measurement time. Nevertheless,
several studies proved that this high drying temperature is already able to dissolve che-
mically bound water [36, 37, 38]. In this context, the mineral ettringite which is formed
during hydration plays a role [22, 23, 24]. The water-rich ettringite mineral becomes un-
stable at temperatures above ca. 60 °C and/or at low relative humidity below 30 %RH
[36, 41, 42]. Hence, oven drying at 105 °C might cause systematical deviations regarding
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Figure I.3: Evolution of the material moisture measured by CCM and Darr drying for
the calcium-sulphate-based samples CA-C25-F5 and CA-C30-F7

the material moisture. Therefore, a second oven drying temperature was chosen of 40 °C
with around 15 %RH. Furthermore, sampling material was extracted individually from
the upper part of the first, and from the lower part of the second CT sample, as described
in I.6.
Figure I.4 depicts the resulting moisture content for all four approaches for CT-C25-F5.
The Darr drying was done at 40 °C or 105 °C, respectively. The drying temperature of
105 °C yields significantly higher material moisture values. The deviation between both is
between 1.6 wt.-% and 2.1 wt.-%. This clearly indicates that with the 105 °C drying tem-
perature the amount of physiosorbed (evaporable) water cannot be correctly determined.
The solid cement structure is partly damaged and chemically bound water is released
and evaporated. The sample weight decreases, which is incorrectly recognised as a hig-
her material moisture. In consequence, the 105 °C data will not be considered in further
analyses. In addition, the two CCM measurements from the upper and lower part are
shown. The upper part, which includes the top surface where the evaporation takes place,
shows lower moisture values compared to the lower part. Furthermore, the moisture is
significantly below the one recorded for the Darr drying at 40 °C. The main reason is the
moisture gradient within the sample. Comparable measurements were carried out with
cement-based screed samples with a thickness of 70 mm [17, 56]. Here it is shown that the
moisture gradient can vary by more than 2 wt.-% within the sample during hydration and
drying. As Darr drying includes the entire sample, the CCM approach should consider
the entire cross section as well. In consequence, the values of the upper and lower part are
averaged to yield a representative CCM measurement for the entire sample. This mean
value is used for further analyses in this study.
In conclusion, the Darr drying at 40 °C quantifies the evaporable moisture, while keeping
the solid cement matrix intact. Because the entire sample is dried in the oven, obviously
the entire cross section is affected by this method. In consequence, it is compared with the
mean CCM of the upper and lower part. This should be a representative value, despite a
certain moisture gradient. As shown in figure I.4, the two curves coincide. Within the first
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30 days, some deviations are visible with a maximum deviation of 1 wt.-% on day 10. In
the beginning, the samples are very moist and the carbide is probably not able to react
with all adsorbed water within the common 10 minutes. With an adapted measurement
procedure with an extended time period would probably decrease the deviation between
Darr drying and CCM with the first 30 days.

Figure I.5 presents the same analysis for the second cement-based material CT-C40-F7.
All measured moisture values are lower compared to CT-C25-F5. This is mainly caused
by the lower water demand for CT-C40-F7, see table I.1. A bigger portion of the mixing
water is required for the hydration process and less evaporable water remains in the sam-
ple. Hence, the measured material moisture is reduced. The material moisture deviations
between the two different Darr drying temperatures are even more prominent, if compa-
red to CT-C25-F5, in absolute and relative numbers. For CT-C40-F7, the 105 °C drying
results in moisture values almost twice as much as for 40 °C. This indicates that the solid
material matrix is even more affected and damaged by the high drying temperature. The
CCM measurements of the upper and lower part are closer to each other, mainly caused
by the overall reduced material moisture. For this material, the averaged CCM moisture
vlaues are above those of the Darr drying at 40 °C. This systematic deviation was also
observed for the two other samples with 50 mm and 60 mm thickness. The authors’ hy-
pothesis to explain the deviation is the higher amount of cement paste in the material. It
is more difficult for the carbide to reach the entire adsorbed water in the pore network.
Thus, not all water has reacted after 10 minutes.
For CT-C25-F5, the Darr moisture is above the CCM moisture within the first 40 days.
In case of CT-C40-F7, the moisture is similar at the two first measurement days. Then,
the Darr moisture decreases more rapidly than the CCM moisture. If unintended hy-
dration during oven drying would occur, both trends must be the opposite. Therefore,
the measurements indicate that hydration during Darr drying after sample extraction is
negligible and does not affect the amount of chemically bound water.
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Based on the material moisture measurements, CCM shows a satisfying correlation to
the Darr drying at 40 °C for both investigated materials. In a next step, the amount of
chemically bound water will be calculated based on the CCM measurements.

I.7.2 Determination of the chemically bound water based on
Darr drying and CCM

According to figure I.1, subtracting the physisorbed (evaporable) water from the sample
weight of the moist material gives the dry material weight. This is the weight of the
dry bulk material plus the hydrated water. In contrast to other approaches, this method
avoids sample drying and/ or a time delay between sampling material extraction and
receiving a measurement value.
Figure I.6 shows the results based on this approach for the two calcium-sulphate-based
screeds. All weights are normalised by the initial weight during concreting, which is the
weight of the dry bulk material plus the weight of the mixing water, according to figure
I.1. In figure I.6, the normalised weight of the moist sample is decreasing over time, caused
by the evaporation of mixing water. Both samples tend asymptotically towards their final
values when the hydration is finished, and the complete sample has reached its equilibrium
moisture content [56]. This final condition can probably no bet reached after the presented
90 days. According to equation I.3, the depicted dry weight is determined experimentally
in two ways. The first approach is based on CCM. The dry mass is gained by measuring the
moist sample weight and the material moisture. The second approach is the common Darr
drying in the oven at 40 °C. In addition, the normalised dry bulk material is shown. This
is the lower limit, if the entire mixing water would evaporate and no water adsorption
or adsorption would take place in the bulk material. The theoretical value is a direct
function of the w/c value, as shown in equation I.4. Because both materials had the same
initial water demand during mixing, the normalised dry bulk material is identically for
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For both samples, the normalised dry weight coincides for the CCM and Darr method.
Within the first 20 days, a slight scatter is observable. For the subsequent 70 days,
the values are almost identical. Furthermore, for both materials, the values are nearly
constant. This indicates that the hydration process is completed already before the first
measurement on day seven or ten and proves that the entire solid material matrix has
been formed entirely within one week. Although the initial water demand was identical
for both samples, the dry material weight is approximately one percent higher for CA-
C30-F7. This mixture is designed to withstand a higher compressive strength, as stated
in the published data sheet, provided by the manufacturer. This is generally achieved
with a higher material compaction due to an increased hydration rate. Related to the
available water in the beginning, around 7.7 % additional mixing water was hydrated.
Figure I.7 presents the same approach for the two cement-based materials. Because these
two mixtures have a different water demand, the lower limit expressed by the dry bulk
material weight varies. As expected, the normalised weight of the moist samples decreases
with time due to water evaporation. For the CT-C40-F7 sample, the Darr dried samples
weight is above the CCM value during all measurement days. In case of CT-C25-F5, the
trend is the opposite, except for the last measurement point on day 90.
Between day 7 and 21, both methods show that the dry sample weight increases for
the CT-C40-F7. But later, it also decreases again for both methods. These fluctuations
are probably caused by the general measurement uncertainty and a clear trend cannot be
derived. Eventually, no significant increase in dry weight can be determined. This indicates
that for the cement-based materials the hydration is also completed within the first week.
This is contradicting other studies, because the formation of C-S-H is supposed to take
several months [22, 23, 24]. On the other hand, this formation is a reformation within
the solid cement matrix, e.g. ettringite transforms to C-S-H and monosulphate [23]. This

134



Tim Klewe Appendix Doctoral Thesis

0 20 40 60 80 100

time in days

0.9

0.95

1

1.05

1.1

n
o
rm

al
is

ed
 w

ei
g
h
t

moist sample, CT-C25-F5, 70 mm

CCM dry sample, CT-C25-F5, 70 mm

Darr dry sample 40 °C, CT-C25-F5, 70 mm

dry bulk material CT-C25-F5

moist sample, CT-C40-F7, 60 mm
CCM dry sample, CT-C40-F7, 60 mm .

Darr dry sample 40 °C, CT-C40-F7, 60 mm.
dry bulk material CT-C40-F7
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process might not need evaporable water, although it is an exothermic reaction, which is
measurable with calorimetry. In such a case, monitoring the amount of chemically bound
water could not disclose the hydration process entirely.
However, this study’s central subject is the experimental determination of chemically
bound water. In conclusion, the CCM approach coincides well with the Darr dried sample
at 40 °C. Therefore, CCM is able to appropriately quantify the amount of chemically
bound water and could be used for hydration monitoring. This approach avoids long-
term oven drying and delivers contemporary results in the laboratory as well as in the
field. Furthermore, by modifying the measurement procedure, this method enables also
the on-site quantify of crystalline bonded water of ettringite incorporated in the material
sample [57] .

I.7.3 Comparison of Darr drying and CCM applied to quantify
chemisorbed water

Darr drying and CCM are able to quantify the evolution of the chemisorbed water and
the hydration process. In Figure I.8, both methods are compared to each other based
on a common linear regression. The regression includes only one coefficient, the slope. A
y-axis intercept is excluded for two reasons. First, an offset between both methods is un-
reasonable, because a totally dry material should be quantified as zero for both methods.
Second, the definition area is D = R(0, 1), but measured values are all above 0.92. Here,
the sampling points have a large leverage towards the origin of coordinates. Thus, small
scatter of the data points would have an exaggerated influence on the estimated y-axis
intercept.
The slope coefficient s was calculated based on all 102 sampling points of the normali-
zed dry weight. Here, only the Darr drying value at 40 °C were included, which leads to
s = 0.9995. The corresponding coefficient of determination is R2 = 0.958. The slope value
is very close to one and around 96 % of the variance of the data can be explained by this
simple linear regression model. This confirms the high agreement between Darr drying at
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Figure I.8: Linear regression of the normalised weight based on CCM and Darr drying
(at 40 °C). The regression comprises only a slope coefficient, excluding a y-axis intercept.

40 °C and CCM for determining the DoH. On the other hand, the Darr values at 105 °C
show a systematic negative bias of around two percentage points. One more time, this
validates that such a high drying temperature is able to extract chemisorbed water from
the investigated material samples. Furthermore, looking on the residuals of the regressi-
on, there is no indication that the different sample thicknesses have any influence on the
determination of the DoH.

I.8 Conclusion

The essential properties of hydraulically bound materials are determined during the first
hours, days and weeks after concreting. A proper hydration process is crucial for structu-
ral performance and long-lasting durability. The process can be measured and monitored
by calorimetry or by determining the amount of chemically bound water. For the lat-
ter approach, the time-consuming Darr drying method is often used which has several
systematic measurement uncertainties, such as the selection of the correct drying tem-
perature. In this study, the CCM as an alternative method is presented and evaluated.
This method delivers contemporary results, can be used in the field as well and covers
all kinds of material compositions and binders. This makes the method highly suitable to
monitor the DoH of CO2-reduced binders, new mixtures, or recycled materials. In case
of unexpected ambient conditions such as heat and drought periods, this in situ methods
which delivers prompt results enables a dense DoH monitoring if required.
The main findings are:

• CCM directly measures the physiosorbed (evaporable) water and hence, is capable
for hydration monitoring

• The measured material moisture and the derived hydration curves of CCM highly
coincide with Darr measurements at 40 °C oven temperature
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• Darr drying at 105 °C highly affects the solid material structure and dissolves
chemically bound water. This systematic deviation influences the measured material
moisture by more than 50 % for the cement-based materials investigated here

• The quantification of chemically bound water with the Darr and the CCM me-
thod shows for both methods that no significant chemisorption of free water occurs
between measurement day 7 and 90 for the calcium-sulphate-based and the cement-
based materials.

• The formation of the C-S-H generally takes several months. The formation and
reformation of C-S-H, ettringite, monosulphate, calcium hydroxide might represent
an exothermal process, which is measurable with calorimetry. But the current mea-
surements indicate, that this process is unaffected by the amount of evaporable or
chemically bound water

CCM coincides well with Darr drying at 40 °C. CCM is an alternative to the time-
consuming oven drying. Due to its easy handling and independence of the material com-
position, it can be applied to all scarcely-researched binder types. For both established or
new “alternative” materials, the monitoring of the hydration process and its experimental
quantification remains crucial for the creation of safe and long-lasting structures.
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II. Poster: Combination of Radar and Neutrone
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Jahrestagung, Posterpräsentation, 28.05.2019

• T. Ritzer, T. Klewe, C. Strangfeld, S. Kruschwitz, Radarwellen und Neutronen-
strahlung – die Lösung für den Feuchteschaden? Forschungsprojekt der BAM und
des IB Ritzer zur Feuchtebestimmung von schwimmenden Bodenaufbauten, Mes-
sekongress Schadenmanagement & Assistance, Presentation, 26.3.2019

• T. Klewe, C. Strangfeld, S. Kruschwitz, T. Ritzer, Zerstörungsfreie Lokalisierung
von Flüssigwasser in Schichtaufbauten – Projektvorstellung, Fachtagung Bauwerks-
diagnose, Poster, 15.02.2018

146

https://doi.org/10.1190/gpr2020-045.1
https://doi.org/10.1190/gpr2020-045.1

	Title Page
	Abstract
	Kurzfassung
	Acknowledgement
	Contents
	Introduction
	Motivation
	Project Idea and Research Questions
	Thesis Structure
	Bibliography

	Review of Moisture Measurements in Civil Engineering with Ground Penetrating Radar - Applied Methods and Signal Features
	Introduction
	Fundamentals of GPR
	Wave propagation and received signals

	Configurations and their parameters
	Moisture content of building materials
	Determination of material moisture based on GPR
	Travel time and velocity features
	Amplitude and attenuation features
	Features in the frequency domain
	Inversion-based methods
	Problems and limitations of on site investigations

	Summary and conclusion
	Bibliography


	Materials and Preliminary Studies
	Evaluation of Radar Signal Features on Drying Screed Samples
	Materials and Methods
	Casting of Screed Samples
	Hardware and Measurement Procedure
	Feature Extraction and Evaluation

	Results and Discussion
	Moisture Reference
	Univariate Analysis on Exemplary Screed Samples
	Multivariate Analysis on Entire Dataset

	Summary and Conclusion
	Bibliography


	Results
	Combining Signal Features of Ground-Penetrating Radar to Classify Moisture Damage in Layered Building Floors
	Introduction
	Moisture Measurement with GPR

	Materials and Methods
	Modular Test Specimen
	Water Damage in Insulation Layer
	Water Damage in Screed Layer
	Hardware and Measurement Procedure
	Feature Extraction
	Classification of Damage Scenarios

	Results
	Measurements at Modular Specimen
	Damage Scenario Classification

	Discussion
	Bibliography

	Classification of On-Site Floor Moisture Damage with GPR - Limitations and Chances
	Introduction
	Moisture Measurement with GPR
	Preceding Laboratory Study

	Methods
	On-Site Measurements
	Feature Extraction
	Classification

	Results
	On-Site Measurements
	Classification of On-Site Measurements

	Discussion
	Summary and Conclusion
	Bibliography


	Synthesis
	Discussion
	Summary of Results
	Literature Review
	Materials and Preliminary Studies
	Specimens
	Feature Evaluation

	Laboratory Investigations
	Experimental Design
	Methodology Development

	On-Site Investigations
	Measurements
	Methodology Validation

	Concluding Discussion

	Outlook
	Bibliography

	List of Tables
	List of Figures
	Abbreviations

	Appendix
	Comparison of the Calcium Carbide Method and Darr Drying to Quantify the Amount of Chemically Bound Water in Early Age Concrete
	Motivation
	Theory to chemisorption of water in early age mixtures
	State of the art of measuring the degree of hydration
	Materials
	Experimental approach
	Testing procedure and sample preparation
	Results
	Comparison of material moisture based on Darr and CCM
	Determination of the chemically bound water based on Darr drying and CCM
	Comparison of Darr drying and CCM applied to quantify chemisorbed water

	Conclusion

	Poster: Combination of Radar and Neutrone Probe to Determine the Mass Moisture of Screeds
	Complete List of Publications


