
Citation: Frenzel, D.; Blaschke, O.;

Franzen, C.; Brand, F.; Haas, F.; Troi,

A.; Drese, K.S. Quantification of

Moisture in Masonry via

AI-Evaluated Broadband Radar

Reflectometry. Heritage 2023, 6,

5030–5050. https://doi.org/10.3390/

heritage6070266

Academic Editor: João Pedro Veiga

Received: 9 May 2023

Revised: 15 June 2023

Accepted: 19 June 2023

Published: 26 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

heritage

Article

Quantification of Moisture in Masonry via AI-Evaluated
Broadband Radar Reflectometry
Daniel Frenzel 1,*, Oliver Blaschke 2, Christoph Franzen 3 , Felix Brand 2, Franziska Haas 1, Alexandra Troi 1

and Klaus Stefan Drese 2

1 Faculty of Design, Coburg University of Applied Sciences and Arts, Am Hofbräuhaus 1b,
96450 Coburg, Germany; alexandra.troi@hs-coburg.de (A.T.)

2 Institute of Sensor and Actuator Technology, Coburg University of Applied Sciences and Arts,
Am Hofbräuhaus 1b, 96450 Coburg, Germany; oliver.blaschke@hs-coburg.de (O.B.);
felix.brand@hs-coburg.de (F.B.); klaus.drese@hs-coburg.de (K.S.D.)

3 Institut für Diagnostik und Konservierung an Denkmalen in Sachsen und Sachsen-Anhalt e. V., Schloßplatz 1,
01067 Dresden, Germany; franzen@idk-denkmal.de

* Correspondence: daniel.frenzel@hs-coburg.de

Abstract: Humidity, salt content, and migration in building materials lead to weathering and are a
common challenge. To understand damage phenomena and select the right conservation treatments,
knowledge on both the amount and distribution of moisture and salt load in the masonry is crucial.
It was shown that commercial portable devices addressing moisture are often limited by the mutual
interference of these values. This can be improved by exploiting broadband radar reflectometry for
the quantification of humidity in historic masonry. Due to the above-mentioned limitations, today’s
gold standard for evaluating the moisture content in historic buildings is still conducted by taking
drilling samples with a subsequent evaluation in a specially designed laboratory, the so-called Darr
method. In this paper, a new broadband frequency approach in the range between 0.4 and 6 GHz with
improved artificial-intelligence data analysis makes sure to optimize the reflected signal, simplify the
evaluation of the generated data, and minimise the effects of variables such as salt contamination
that influence the permittivity. In this way, the amount of water could be determined independently
from the salt content in the material and an estimate of the salt load. With new machine learning
algorithms, the analysis of the permittivity is improved and can be made accessible for everyday
use on building sites with minimal intervention by the user. These algorithms were trained with
generated data from different drying studies on single building bricks from the masonries. The
findings from the laboratory studies were then validated and evaluated on real historic buildings at
real construction sites. Thus, the paper shows a spatially resolved and salt-independent measurement
system for determining building moisture.

Keywords: moisture detection; cultural heritage; monument analysis; non-destructive testing; broadband;
ground penetrating radar; neuronal network; machine learning

1. Introduction

Humidity and water are environmentally abundant, and ingress into and migration
within the building material leading to weathering is a common challenge [1–5]. In order
to prevent permanent damage to the building shell due to weathering, it is necessary to
determine the exact moisture and salt content of the building and its masonry [6]. Wetting–
drying cycles, acidic rain, and the effect of salt crystallization can weaken the internal
structure of mineral building materials and change important material properties such as
compressive strength [7–9]. Rising humidity and moisture within the walls (investigated in
this study) can seriously reduce the compressive strength of sandstone and other building
materials [10]. Based on the actual damage of the building, different measures must
be taken to eliminate the causes [11]. According to the current state-of-the-art methods
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acknowledged by independent institutions, only invasive methods work reliably [12,13],
such as the Darr method (gravimetric moisture measuring method). Despite the fact that
it is a minor destructive method, samples have to be taken, which is associated with a
small loss of substance; however, a big advantage is the possibility to extract more than one
sample from one hole at different depths to see how the moisture changes from the surface
to the inside of the wall. This makes it possible to find the origin of the water, the location,
as well as the presence of salts in the sampled material. In order to completely understand
the cause of damage, it is necessary to know how moisture and salt are distributed in
masonry and how they change over time (winter/summer or on a day-to-day basis). The
interplay of the crystallization and dissolution of salts leads to immense damage and is
often the cause of structural weaknesses in building materials [14,15]. Such monitoring
with invasive methods over longer time periods and on larger areas is not possible in the
historical stock, or only possible with a considerable loss of substance. The demand for
non-destructive methods and instant results which can measure large areas fast and easy
to determine the moisture and salt content in building structures is therefore immense.

Several handheld devices have been developed in the past few decades. They operate
with different physical methods such as capacitive methods (Gann-Hydromette [16]),
electric methods (by measuring the resistance), or with microwave radiation, which is
very well-suited to carry out moisture measurements [17,18]. The problem with these
devices is their lack of reliability, and there is hardly any systematic correlation between
measurements with different devices [19]. They also cannot provide an absolute water
content. Instead, they generate a moisture index that can be used to calculate a moisture
value via preset parameters. This generated value is often highly affected by the salt
content in the masonry. Another weakness is the very limited measuring depth, as they
only measure the first few centimeters below the surface.

2. Measurements with Electromagnetic Radiation
2.1. Basic Principle

A promising method is the coupling of radar waves into a masonry wall and detecting
the reflected signal with a subsequent analysis of the complex permittivity. This method
utilizes the strong differences in the complex-valued dielectric constant (permittivity)
between the water and building materials.

The following formula displays the complex permittivity:

ε = ε′ − i · ε′′ (1)

The real part ε′ describes the classic dielectric constant, while the imaginary part ε′′

describes the dielectric losses.
The characterisation of materials using the permittivity was already shown by Hasted

and Shah in 1964 [20] and Pisa et al. in 2017 [21].
Leschnik [22] stated that up to a frequency of 100 MHz, the influence of salt and

moisture on both the real and imaginary parts is so similar that it cannot be separated. Only
above 100 MHz, the effect of the salts dissolved in the moist masonry becomes visible in
the imaginary part. This gives the first idea of what frequencies are needed for a reliable
radar measurement.

Maierhofer and Wöstmann [23] found that at 7 GHz, different masonries behave
differently with varying moisture contents in terms of the real part. The imaginary part,
in contrast, stays similar. They also found that the materials all lie in a similar dielectric
range. Despite the fact that they only used one frequency, it is one of the few studies
which considers more than one building material. Further investigations from Maierhofer
et al. [24] showed that radar radiation can be used to determine the moisture in buildings
but that the analysis of the generated data is very elaborate and complex. It was also stated
that the quality of the evaluation has a great influence on the results obtained.

Different studies with ground-penetrating radar (GPR), which is already established
in construction practices, show that measurements with different frequencies are very
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promising [25,26]. Other studies [27–31] also demonstrate the suitability of GPR modules
for determining the water content. The measurements in these studies, however, were
only performed on concrete. Other studies [32–36] stated that radar measurements are also
possible on wet brick walls with varying materials.

2.2. Approach

Despite the above-mentioned studies, there is still a strong need for research. The
reason for this is the large number of parameters that can influence the measurement data
obtained. Besides humidity and salt, the influencing factors also include the composition
of the (historical) masonry or the construction.

In addition, none of the available scientific studies have yet examined how different
types of salt influence the imaginary part of the permittivity due to their differences in ion
size and whether a metrological differentiation of the types of salt is possible.

The approach pursued is the insertion and detection of a broadband radar wave into
masonries and materials that requires a large number of measurements in the frequency
range. The wave propagated through the material and reflected at the material boundaries
is always measured in the process (Figure 1).
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Figure 1. Basic principle of measurement: Continuous masonry unit on the left with one possible
reflection at the back. Layered bricks with mortar joint in between on the right, here with two possible
reflections: the first on the mortar joint and the second on the back.

In this study, various masonry test specimens were built and placed under different
moisture and salt loads. These were then measured by radar at different times, and the
complex-valued permittivity of the generated data was analyzed using trained neural
networks. Measurements were carried out on individual building blocks as a database for
the machine learning algorithms of the neural network. The predictions of the AI-based
data evaluation were then compared with the current standard procedure, the Darr method.
Finally, the measurement system was tested under real-life conditions at construction sites
on historical buildings.

3. Materials and Methods
3.1. Materials

The extensive laboratory test measurements were performed on masonry models
typical for historic buildings in Upper Franconia. The masonry test specimens created
complied with historic specifications with regard to the building materials used and offered
sufficient size for all kinds of measurements in their dimensions. For the eight laboratory
masonry models, in total, three different materials with historic relevance came into use to
construct the masonry models.

• Sander sandstone (SST), a regionally occurring building stone, which has already been
quarried for a thousand years;

• Solid brick material (SBM) of company Wienerberger, corresponding in its material
properties widely to a historic brick;
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• Trass-lime mortar (TLM) Mur956 of company Maxit, a cement-free mortar that is also
well-suited for masonry with natural stone.

The properties of all the materials (Figure 2) were determined with special respect to
the moisture-related properties (Table 1). The microscopic pictures give insight of the very
different pore systems of the material. The Sander Sandstone SST has an interconnected
pore system of relatively large pores. The Brick SBM has more pore space in a finely
dispersed pore system all over the material. Both masonry materials have in the masonry
joints the mortar (TLM) with even larger pore space (check Table 1), consisting of (i) finely
distributed, (ii) elongated-tube, and (iii) gel pores in the material. This leads to some
different A-coefficients (Table 1) within the corresponding materials in the masonry.
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Figure 2. Historic building materials used and investigated in the study: (a) SST macroscopic picture;
(b) SST under the microscope, pores are marked by blue resin; (c) SBM; (d) SBM under the microscope;
(e) TLM in jointing mortar; (f) TLM microscopic view.

Table 1. Lab-determined relevant physical and moisture characteristics of the building material.

Sample Properties of the Material
Waa

(Atmospheric)
Wav

(Vacuum) WAvol. Poros. Saturation
Coefficient pure-D. raw-D. A-Coefficient

[m%] [m%] [Vol.%] [Vol.%] [g/cm3] [g/cm3] [kg/m2 × h0.5]
SST 8.04 11.83 16.16 23.78 0.68 2.64 2.01 8.46
SBM 13.93 15.32 25.60 28.16 0.91 2.56 1.84 13.6
TLM 17.42 20.60 29.73 35.16 0.85 2.63 1.71 15.34

WAa, water absorption under atmospheric pressure; WAv, water absorption under vacuum; WAvol., volumetric water
absorption; poros., porosity; pure-D., pure density; raw-D., raw density; A-coefficient, capillary water absorption.
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3.2. Single Stones and Masonry Specimens

The dimensions of the single stones were 240 × 71 × 115 mm3 (SBM) and
300 × 250 × 150 mm3 (SST), respectively. The following dimensions were used as
guidelines for the masonry specimens: length, 0.9 m; width, 0.25 m; height, 0.6 m. The
test specimens should still be transportable and at the same time offer sufficient space
for measurements. Two masonry units (one of each kind) were placed in steel profile
troughs. They were stored in a basement at relatively constant climate conditions
(~18 ◦C, 55–65% rH) (Figure 3).
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3.3. Methods
3.3.1. Hygrothermal Simulations

In the run-up of the project, hygrothermal simulations were carried out with the
software “Delphin” [37], which allows the simulation of exact 3D models of the test
specimen and a wide range of boundary conditions to be defined. The simulations should
be as realistic as possible to determine how long the masonry specimen should stay in
the water and how the moisture within is distributed over time. For this purpose, the
corresponding material values already contained in the “Delphin” database were replaced
with the values measured in the laboratory (see Table 1). For the prevailing boundary
conditions, the results of the climate measurement were used (18 ◦C, ~60% rH).

In Figure 4, the uptake of the total water calculated by the program is presented for
two scenarios. For the first simulation in Figure 4 on the left, the simulation time was
60 days. During this time, calculated by the simulation, the sandstone wall absorbs about
9.75 kg of water. The brick wall takes up about 8 kg of water. After that time, the water
uptake is very slow and reaches a saturation point. It should be noted that after only
17 days, both the sandstone wall and the brick wall have already absorbed about 85% of
the total amount of water. It was thus clear that a watering period of more than 17 days had
only a minor effect on the absolute moisture distribution and water uptake in the built-up
masonry test specimens.

In a subsequent simulation (Figure 4 right), an exemplary watering cycle was calcu-
lated. This time, the simulation time was set to 70 days. After 17 days, the water was
“removed”, so the process of drying is also shown.

The simulation results show well that the drying phases extend over a longer period
and therefore represent a generally “slower” system. Thus, it was decided that not only the
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radar measurements, but also the collection of drill dust samples would mainly be carried
out during the drying phases to observe multiple conditions of humidity.
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Figure 4. (Left) Results of the 3D simulation with the measured material properties of the building
materials and the generally prevailing boundary conditions (measured climate conditions 18 ◦C and
60% rH). (Right) Result of a simulated watering process on true scale constructed 3D models of both
types of masonry specimens over 70 days. After 17 days, the water was removed, and the drying
process starts. While there is a lot of water intake in the first few days, the drying process is much
slower and therefore more suitable for measurements with the radar device.

3.3.2. Single Stones

Single-brick materials and sandstones were used to collect further data for the AI-
based evaluation of the radar measurements. Different studies with deionised water and
salt solutions were carried out to test different salt concentrations and how the variation of
salts affects the radar signal. The test stones derived from the same batch as the building
materials for the masonry specimen.

Because the single stones represent a much faster system (in terms of watering and
drying) regarding the big masonry specimen, they are ideal for testing moisture contents
and salt concentrations before applying them to the masonry specimen.

The individual bricks were placed in small tubs and immersed either in deionised
water or in a NaCl solution, respectively, MgSO4 and KNO3, until completely saturated.
The drying process was accompanied by measurement of the reflected radar signal at the
back of the stone (Figure 5). In addition, the mass of the stones was determined to calculate
the amount of water remaining in the stones in mass percent (m%) (see Equation (2)).

The following formula is used to calculate the moisture content left in the material:

w =
mmeas−mdry

mdry
· 100% (2)

For the initial study, the concentration of the NaCl solution was adjusted so that the
concentration of introduced anions into the material was 0.1 m% in relation to the oven-
dried materials. This concentration corresponds to a medium salt load according to table
values for the repair of historic buildings [38]. For this purpose, the saturation moistures
were used for the SBMs and the sandstones.

Later on, other stones were contaminated with MgSO4 and with KNO3 to achieve
an anion concentration of 0.2 m% (for MgSO4) or 0.1 m% (for KNO3), respectively, in
the material. This again corresponds to medium salt loads in relation to the oven-dried
materials. The concentrations are adjusted here in order to not only study the influences
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introduced by the salts via radar measurement, but also generate evaluable results when
contaminating the masonry specimen.
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Figure 5. Measurement of the drying process of individual bricks along an axis with the radar
device. Continuous weight measurement allows conclusions to be drawn about the water content in
the sample.

To determine the influence of the different salt ions, solutions with a constant molality
were produced to have the same number of anions present. For this second study, all three
salts available (NaCl, MgSO4, and KNO3) were used. This time, sandstones were divided
into two groups and were contaminated with salt solutions with different molalities of
0.012 mol/kg and 0.02 mol/kg. The drying process was again observed as previously
explained.

3.3.3. Masonry Specimen

The procedure for watering the masonries was to fill the profile tubs with water until
the first layer of the brick wall was completely covered. First, deionised water was used in
order to not bring any more contamination into the test specimens. Subsequently, the salt
solutions with NaCl and MgSO4 were taken. The concentrations used were determined in
the single-brick studies.

After a specific period of time (usually between 17 and 36 days, defined by the
simulations), the water was removed and the masonries were left to dry.

To obtain the absolute moisture content in (m%) and to validate the radar measure-
ments, drill dust samples were collected at favorable metrological points in time. The
total drill depth was 12 cm, which corresponds to about half of the wall’s thickness. The
collected samples were immediately packed airtight, taken to the laboratory, weighed there,
dried until mass constancy, and weighed again.

3.3.4. Area Scans

In total, two major concerted drilling operations were carried out. In Figure 6,
schematic drawings of the sample positions for the two operations are displayed. For
each drilling sample, a radar measurement was previously carried out at the same position.



Heritage 2023, 6 5037

The first set of masonry specimens were placed in a salt solution with NaCl (0.1 m%
compared to the oven-dried brick as previously specified) and left there for about 19 days.
After this time, the water was drained, and the measurements were carried out the same day.

In a second set of masonry specimens, the walls were additionally watered from
above, this time only with deionised water because the masonry specimens used here were
previously already contaminated with MgSO4. Due to time constraints, the measuring field
as well as the sampling and measuring points were reduced (Figure 6, bottom two pictures).
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3.3.5. Historic Buildings

To test the method under real conditions at construction sites, further measurements
were performed on real historic objects. These measurements should also validate the
generated data in the laboratory and identify the strengths and weaknesses of the device.
In total, three regional buildings where examined:

• Nuremberg state archive constructed in 1880;
• Nuremberg primary school St. Johannis constructed in 1882;
• Historical house in Hohenpoelz (Franconian Switzerland) constructed sometime be-

tween 1880–1890.

The focus in the selection of the projects was on the investigation of the masonry struc-
ture (type of materials, joint network, and thickness) as well as the priority determination
of the moisture content via the Darr method. This would enable a comparison with the
values obtained via radar measurements. Primarily, projects were of interest in which
the above-mentioned questions were clarified by taking drill cores using the dry drilling
method. This ensures that the maximum amount of information can be obtained from the
samples taken.
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3.4. Radar Measurements
3.4.1. Processing of Radar Data

For the radar measurements, the commercial radar system GP 8800 from screening
eagle was used. It is a stepped-frequency continuous wave ground penetrating radar with
a frequency between 400 and 6000 MHz [39]. Either measurements on the masonries were
point measurements or taken with the help of a frame made of plastic parts, which allowed
repeating measurements on the same positions (Figure 7).
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Figure 7. (Left) Masonry shortly before the water was drained. The suction horizon on the sandstone
masonry can be seen very clearly. (Right) Radar measurement along the positioning frame.

For a frequency-resolved determination of the (complex) permittivity, an evaluation
in the frequency domain is necessary. In this study, we used the phase spectrum analysis
(see e.g., [40,41]). The analysis uses the calculation of the cross power spectral density
to retrieve the information about the phase and attenuation of the reflected signal in the
frequency domain. While the first one can be transformed into a phase velocity and thus
into the real part of frequency dependent, complex permittivity, the latter one was used to
calculate an extinction coefficient which was necessary for calculating the imaginary part
of the complex permittivity. This approach is described in detail in another study [42].

In this previous study we also proved, that with radar signals within a frequency
range between 1 and 3 GHz, the influence of the ions of dissolved salts in the moist building
material vanishes for the real part of complex permittivity while the attenuating effect is
still present in the imaginary part. Thus, a salt-independent measurement of the humidity
at the same time as salt detection can be realized.

3.4.2. Machine Learning Model (Neural Network)

A further step in optimization is the usage of machine learning algorithms. We used
our existing knowledge to determine what input data contains the necessary information
about the humidity and salt effects. In the final model, we used the frequency curves
of imaginary permittivity and the unwrapped phase angle in the frequency range of
0.8–4 GHz as well as the zero crossing in the center of the reflected wave in the time
domain. In model testing we found that the frequency resolved phase information led to
more robust predictions as the real part of complex permittivity in fact the difference is just
a scaling. The input variables are shown schematically for a measurement in Figure 8.

Since the vectorial data from the frequency domain contains many features, neural
networks were used to retain the information out of the complex data structures.
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With an algorithm that searches the raw data for the relevant reflection signals and
automatically applies a window function, the user interaction is reduced to the input of the
wall thickness and the selection of the appropriate material model.
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Figure 9 shows the structure of the constructed neural networks. For the frequency
data, which is available as a matrix, convolutional layers have proven to be advantageous.
The zero-crossing data from the time domain, on the other hand, is processed with fully
connected layers (“dense layers”). It should be noted that for both the moisture and the
salt model, frequency and time domain data are processed in parallel and merged at the
end. For the qualitative salt load prediction model (Figure 9, right), more fully connected
layers in the end region proved to be beneficial. Although both networks are similar in
structure, the model for moisture prediction is a regressor, which gives a definitive value
as output. In this specific case, the moisture in the masonry in mass percent. The model
for salt prediction, on the other hand, is a classifier, which gives a probability of how far a
measurement result fits into the previously trained categories. In this case, the different salt
load levels:

• No/low salt load
• Medium salt load
• High salt load

Usually, data sets that are processed by machine learning algorithms have to be
preprocessed. Accordingly, the frequency data were transformed with a “standard scaler”
which enforces a normal distribution of the data and the zero-crossing data with a “MinMax
scaler” which transforms the maximum value range. The information in the data sets with
known salinity was classified with a label- and OneHot-encoder into the prior defined
salt categories.
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Figure 9. (Left) Structure of the neural network for moisture prediction. (Right) Neural network for
salt prediction.

4. Results
4.1. Single Stone Studies

The evaluation of the single-stone studies was carried out as described in Section 3.4.1.
By comparing the model parameters of the wet bricks with the moisture data obtained by
weighing, a link can be established between the measured curves and the moisture, as can
be seen in Figure 10. For the single-stone studies, see also our previous work [42].

The model parameters of the real part for the single-brick materials contaminated with
NaCl in Figure 10 show that the humidity can be determined independently of the salt
content. On the other hand, the imaginary part shows a high sensitivity to the salt load.

It should be noted that the data points of the salt-loaded bricks are only plotted up to
a moisture content of approximately 75%. For higher saturation values, the attenuating
properties of the water in combination with the dissolved ions of the salt were too high to
generate any evaluable signals for the examined brick length of 240 mm. However, since
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the bricks without salt loads in this range showed usable results, the information of not
receiving a signal already suggests the presence of an increased amount of salt.
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Figure 10. Studies on SBM for different moisture contents. One group was exposed to a salt solution
with NaCl (blue squares), while the other group was only exposed to deionised water (black dots).
The displayed real part (left side) was not affected by the contained salt. The imaginary part, on the
other hand, was affected, and the offset increased with increasing moisture content. That is due to
the higher number of dissolved salt ions, which results in a higher damping of the reflected signal. It
is possible to measure the moisture content independently from the salt content.

For the sandstone samples, it was observed that again, there was no impact of the salts
on the real-part permittivity (Figure 11 left) for the salt-contaminated specimens. However,
in the imaginary part, different measurement effects of the salts for medium salt loads can
be seen. Figure 11 on the right shows that sodium chloride has the strongest dielectric loss
on the reflected radar wave, which can be observed in the high imaginary permittivity
parameter. The samples with potassium nitrate and magnesium sulphite showed a medium
loss. All parameter values of the three salts for the imaginary part lie clearly above the
reference values of the samples with deionised water (black dots). This effect decreases
with the increasing dryness of the samples as the measurements with saline specimens
merge into the measurements with deionised water as the moisture level tends to be zero.
Crystallized salts can therefore not be detected because they are electrically neutral.
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Figure 11. (Left) Model values of the real-part permittivity for sandstone specimens with different
salt solutions and deionised water against the water content. No offset between the salt solutions
and the deionised water is seen here. (Right) Model values of the imaginary-part permittivity for
sandstone specimens, again with different salt solutions and deionised water against water content.
Here, a clear offset can be seen between the salt-contaminated samples and the specimens with
deionised water.
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For the studies with the constant molalities of the salt solutions, the sandstones
(same type as in the walls) were divided into two groups. By choosing two molalities of
0.02 mol/kg or 0.012 mol/kg, a solution for each of the three types of salt was prepared
accordingly. Monovalent anions such as chloride and nitrate showed similar values in the
imaginary-part parameter (attenuation of the signal), whereas values of solutions with
bivalent anions, such as the MgSO4 solution, had a lower attenuation of the signal. This
can be seen for both groups in Figure 12.
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Figure 12. Influence of different types of salt on radar measurement at two constant molalities (left
side 0.012 mol/kg, right side 0.02 mol/kg). Displayed here are the model parameters of the imaginary
part. Monovalent ions such as chloride and nitrate show similar results for the imaginary part.
Negative values are possible if the measured wave has a higher amplitude compared to the measured
reference signal.

This study shows that the differences between the various salts (especially for the
ones with monovalent ions) are low to not present at all. Thus, according to the current
status, the qualitative differentiation of salts is not possible. On a real building with an
unknown quantity and types of salts contained, it is not possible to distinguish between
the different types of salt, especially when there is a mixture of salts with different valences.
Furthermore, only a classification into high, medium, and low/no salt load seems feasible,
as described in Section 3.4.2.

With the values shown from the single-stone studies, the first version of the neural
network for moisture determination at different salt levels was trained. Even so, the
measurement can be performed independently from the salt; bricks and sandstones show
different measurement effects and therefore need different AI models.

4.2. Measurements Combined with Darr Method on Masonries

In the next steps, the neural network trained with the data from the previous section
was applied to the radar measurements of the masonry, which were accompanied by
measurements using the Darr method.

To obtain different moisture levels, a sandstone masonry was placed in water. After
19 days, the water was removed, and the sandstone wall was sampled a total of four times
over a period of three weeks to show the drying process. The sampling took place at 1, 5,
10, and 22 days after drainage.

For each sampling campaign, point measurements were carried out with the radar
device at four heights, followed directly by the extraction of drill dust at the corresponding
points (Figure 13).
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Figure 14 shows the results for both measurement methods. It can be clearly seen that 
in the first two measurement days, the moisture prediction of the radar device corre-
sponded well with the gravimetric results. The radar measurements in the last two meas-
urement campaigns, on the other hand, tended to be significantly higher moisture values 
(see, e.g., measurements 8 and 10, respectively). 

Figure 13. Equidistant extraction points of the four measurement days resulting in a total of 16 indi-
vidual positions.

Figure 14 shows the results for both measurement methods. It can be clearly seen that
in the first two measurement days, the moisture prediction of the radar device corresponded
well with the gravimetric results. The radar measurements in the last two measurement
campaigns, on the other hand, tended to be significantly higher moisture values (see, e.g.,
measurements 8 and 10, respectively).
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Figure 14. Comparison of the gravimetric extraction moisture (black line) with the results of the
radar measurements (green dots). The positions of the measurement numbers are displayed in
Figure 13. Darr method and radar measurements agree well in the first two sampling campaigns. In
the subsequent measurements, the radar measurements tend to show higher moisture contents.
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The results shown above and additional combined radar and Darr measurements
were used to further optimize the neural network. This increased the robustness of the
model, resulting in the final version of the used neural network.

4.3. Area Scans of Masonries

Area measurements were carried out on two sets of masonry specimens (sandstone
and brick) with different watering conditions.

The following Figure 15 summarizes the results of the gravimetric evaluation of the
first concerted drilling operation in comparison to the radar measurement evaluated with
the help of the AI model trained in Section 4.2.
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Figure 15. Results of the gravimetrically determined moisture content on the left and the predictions
of the radar measurements on the right. Top picture brick wall, bottom picture sandstone wall. The
graphical representation shows the moisture distribution across the whole surface. The scale on the
right shows the moistures in (m%). The bricks have a higher porosity than the sandstone, but the
pore size distribution of the sandstone allows a higher maximum of capillary rise.

The color bars in all figures are scaled identically in (m%) and so are all the masonry
types. Moreover, the diagrams and test block photos were fitted to avoid graphical distor-
tion [43]. It is easy to see that the suction height of the water was very well-represented
in the radar measurements. The moisture values can also be compared well with each
other, whereby the radar measurements on the brick walls give slightly drier values. In
contrast, the measured moisture values of the sandstone walls are very similar compared
to the results of the Darr method, which can also be seen well in the very wet stone in the
lower left corner. This is also shown in the same way in the radar measurement. It should
be noted that the final regression model was not used here, and the data used to train the
model were taken from the materials measured here.
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For the values of the brick wall, a mean error of 0.55 m% with a standard deviation
of ±0.84 m% was determined between the gravimetric and radar measurements. The
comparison of the measurements on the sandstone walls resulted in a mean error of
0.41 m% with a standard deviation of ± 0.4 m%.

Figure 16 shows the results of the radar measurements on the left and the values
determined by the radar measurements on the right. Since the bricks were able to absorb
more water due to their properties, the scale for the brick walls was increased to 18 m%.
Otherwise, the scales are the same as in the previous evaluation and identical in each case
for the corresponding masonry types. Again, the two results present a very similar picture
and reflect the distribution of the wetness very well. This time, the AI predictions are
sometimes higher than the values from the Darr method, especially on the brick walls.
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Figure 16. Evaluation of the water content for both specimen types of the smaller, concerted drilling action.
On the left are the results of the Darr method; on the right are the predictions of the radar measurements.

In this drilling operation, the mean error between the gravimetrically determined
extraction moisture and that determined by the radar measurements is higher than in the
first one, at 1.97 m%. The standard deviation here is also high at ±2.49 m%. In contrast, the
error at the sandstone wall is significantly better at 0.65 m% with a standard deviation of
±0.72 m%.

While taking the drill dust samples with subsequent weighing and evaluation took
about three days, the measurements with the radar probe on both masonries were com-
pleted in a few hours. The subsequent evaluation took about another few hours because
the workflow had not yet been optimized. With an automated evaluation with little user
interaction, this time would be significantly reduced.

4.4. On-Site Measurements of Historic Buildings

For most of the walls (especially at the two buildings in Nuremberg), the GPR used
here was too weak to penetrate the whole thickness of the masonries with about 0.8–0.9 m.
Therefore, the following approach was used to preselect the radar measurements to be
recorded on thick walls.
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The aim was to find a good and clear reflected signal from the material boundaries
inside the masonry. Via the drill core samples (example seen in Figure 17), the construction
of the wall can be determined, and possible material boundaries such as between brick
stone and mortar can be seen.
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Figure 17. Drill core taken from a single-shell vault masonry of the state archive in Nuremberg. The
sample number here is BK_B_W_2.

In total, about eight good measurements could be obtained from the three buildings
(Table 2). For the evaluation of the collected data, the analysis of the cross-power density
spectrum (CPDS) was used just like described above for the masonry specimens and the
single-brick studies.

Table 2. Compilation of the results of the selected measuring points. Marked in light blue are the
values of the moisture content determined via Darr method and the predictions via radar.

Sample Length Material
Moisture
Content

Darr Method
WAa

Degree of
Moisture

Penetration

Moisture
Content
Radar

Prediction

From (cm) To (cm) (m%) (m%) (%) (m%)

State archive, Nuremberg
BK_B_W_2/1 1 17 brick 17.50 16.82 100 16.8

Primary school St. Johannis, Nuremberg
BK04_K 2 10 brick 10.53 15.13 69.6 11.93

Historical house, Hohenpoelz
P1 0 13 brick 3.99 17.56 22.7 6.04
P2 0 13 brick 2.68 17.56 15.2 3.82
P3 0- 13 brick 0.41 17.56 2.3 1.37

P4 0 15 brick
plastered 4.64 17.56 26.4 4.6

P5 0 15 brick
plastered 4.48 17.56 25.5 6.32

P6 0 15 brick
plastered 1.62 17.56 9.2 3.22

The evaluation of the data was done with the help of the final trained neural network,
whereby only the thickness of the wall, respectively, the distance covered to the reflection
plane, and which material was involved (brick or sandstone) had to be entered.

Figure 18 summarizes the results of both measurement methods in a diagram. The
predictions of the radar measurements are predominantly higher than the absolute moisture
content. The mean error is 1.22 m% with a standard deviation of ±0.61 m%.
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Figure 18. Graphical representation between the gravimetrically determined moisture data and the
predictions from the radar measurements, according to the values from Table 2.

The measured values also show a great variety between dry materials (mostly samples
from Hohenpoelz) and moist or even wet materials (state archive Nuremberg).

5. Discussion and Conclusions

The measuring system described here can detect moisture independently of the salt
content in masonries. Therefore, an evaluation of the complex permittivity over a wide
frequency range was conducted. To determine the moisture, model parameters related to
the real part are used, as these values show no impact on salt-contaminated specimens. The
imaginary part, on the other hand, is highly influenced by the salt content and is therefore
suited for a possible salt detection.

Two limits of the procedure must be accepted: Crystallized salts cannot be detected;
It is not possible to determine the type of the dissolved salts. Due to the dielectric losses
caused by the dissolved salts, a division into low, medium, high salt loads seems possible
but should be further investigated.

With machine learning algorithms, the analysis of the complex permittivity becomes
more accessible, and only a few user interactions are necessary. The neuronal networks can
process multiple sets of data (regressor model for moisture prediction and classifier model
for the salt prediction) simultaneously and can sort out insufficient signals automatically. It
should be noted that the required data are generated in a single radar measurement.

The concerted drill operations show that the device presented here can measure a
large area in a short amount of time in comparison to the Darr method. While the collection
of drill dust samples with subsequent analysis in the laboratory took about three days, the
radar measurements and the evaluation of the generated data were completed in a few
hours. Another big advantage is the non-invasive nature of this method where the device
only needs good contact with the surface.
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The device has proven to be very practicable under real conditions at construction
sites and historic buildings. Like in the concerted drill operations, measurements on large
areas can be performed easily and fast. Nevertheless, the best results can be obtained on
relatively smooth surfaces and on thin masonries.

The mortar joints on the masonry specimen were so thin (~1 cm) compared to the
stones that they had no influence on the measurements because the distance between the
antennas of the GPR was bigger than thickness of the mortar joints. In this sense, the
stone was always measured as well. Measurements near the joints behave similar to areas
without mortar nearby.

Many of these limitations are hardware-related, as the available radar equipment is
not designed for such measurements. For further studies, a more focused radiation charac-
teristic of the transmitter should be chosen. This would allow for a higher measuring depth
with the same power and therefore a significantly improved quality of the back-reflected
signal. This would also minimize possible scattering effects that could superimpose the
signal. Furthermore, the transmitter should have a higher power to be able to measure a
sufficiently good signal even at higher salt loads with corresponding dielectric losses.

The method developed in this project opens up new possibilities for moisture deter-
mination in monument conservation. It is possible to carry out large-scale, temporally
repeatable monitoring with the same physical unit as the current destructive standard
method. For an exact determination of the composition and quantity of salts in the ma-
sonry, the radar method can be used to identify the relevant locations for meaningful
drilling samples in advance and thus reduce the frequency of destructive intervention in
the building fabric.
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