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NMR is becoming increasingly popular for the investigation of building materials as it is a
non-invasive technology that does not require any sample preparation nor causes damage
to the material. Depending on the specific application it can offer insights into properties
like porosity and spatial saturation degree as well as pore structure. Moreover it enables
the determination of moisture transport properties and the (re-)distribution of internal
moisture into different reservoirs or chemical phases upon damage and curing. However,
as yet most investigations were carried out using devices originally either designed for
geophysical applications or the analysis of rather homogeneous small scale (< 10 mL)
samples. This paper describes the capabilities of an NMR tomograph, which has been
specifically optimized for the investigation of larger, heterogeneous building material
samples (diameters of up to 72 mm, length of up to 700 mm) with a high flexibility due to
interchangeable coils allowing for a high SNR and short echo times (50e80 m s).
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications

Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Nuclear magnetic resonance (NMR) with focus on 1H protons is increasingly applied for non-destructive testing appli-
cations of building materials. The quantification and localization of moisture as well as the analysis of its bonding state is
crucial for investigating phenomena like hydration, transport and damagemechanismswithin various buildingmaterials. The
measurement principle is based on the alignment of the protons in a static magnetic field and their deflection by 90� using a
radio frequency pulse, which oscillates with the Larmor frequency (causing the desired resonance effect). After the excitation,
the protons relax back into the equilibrium state and two relaxation processes are measurable: the spin-spin (T2) and the
spin-lattice (T1) relaxation [1e4].

As the measurable T2 relaxation is influenced by the protons’ bonding and their environment (pore size), it enables not
only the determination of the moisture content/distribution [5,6] and the water-bearing pore sizes [7,8], but also the dif-
ferentiation of various bonding types of hydrogen [9e11]. Thereby, the following relation exist: The stronger the bonding of
the protons and the smaller the pore, the shorter becomes the relaxation time. Therefore, the measured signal, which is a sum
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of numerous exponentially decaying signals, has to be converted into a T2 relaxation time distribution by the use of a nu-
merical inversion.

For the purposes named above, there are numerous specific requests to the NMR device. On the one hand, it is necessary to
be able to have a dead time (echo time) as short as possible, but on the other hand, the sample sizes should be at least large
enough to be representative in terms of e.g., existing aggregates.

However, so far mostly devices from the geophysics sector have been used which were originally built for the exploration
of oil deposits or aquifer properties [1,12]. Other working groups have used different types of the NMR-MOUSE, which allows
single-sided access to also larger samples but feature limited penetration depth and, hence, a lower signal-to-noise ratio.
Devices such as the Rock Core Analyzer [7,13] work with a homogeneous magnetic field and enable measurements with
higher signal-to-noise ratios (SNR), but with limited sample sizes. However, these were mainly built for zero-dimensional
(0D) measurements and did not allow CPMG measurements of thin slices using short echo times. Additionally, the SNR is
limited by the relatively low operating frequency of 2 MHz. An increase of the frequency will lead to higher SNR [14].

Fig. 1 Since April 2019, the authors of this article are working with an NMR tomograph from Pure Devices GmbH, which
was particularly optimized for the investigation of building materials. The device was constructed for a maximum sample
diameter of 72mmand length of up to 800mm [15,16]. It operates at a frequency of 8.9MHz and the resolution, the echo time,
the SNR and themeasurement type can be adjusted bymeans of exchangeable coils. Depending on the coil size and type used,
the minimum echo time varies between 50 ms and 80 ms. Short echo times are especially relevant for the detection of
hydrogen protons, which are either chemically bound into the sample's matrix or strongly bound to the pore surface (as for
example in very small or partially saturated pores).

The tomograph allows measurements along the entire sensitive length of the coils, as well as layer-selective and 2- or 3-
dimensional measurements. A movable sample lifting system, as shown in Fig. 1 (right), guarantees the precise positioning of
the sample. Table 1 summarizes the different setups and possible measurement configurations of the NMR tomograph
depending on the different interchangeable coils. The slice coils enable both zero-dimensional (0D) and slice-selective
measurements, whereas the image coils can also be used to perform 2D and 3D measurements as well as measurements
of the whole sensitive volume (0D). The Combi coils are suitable for 0D, 1D and 2D measurements, and additionally, the
smaller Combi coil can be used for 3D measurements.
2. Experimental

This paper reports on five actual but very diverse research topics, in which the NMR tomograph is currently used for
building material characterization. The resulting signal data was analyzed using a software tool called nucleus [17]. This
includes the inversion of the data into distributions of the transversal relaxation time (RTD).
2.1. Moisture content sensitivity

The accurate determination of moisture contents with NMR is a highly important task as the method is increasingly
applied to building materials and consequently often during partial saturation. Besides application as the analysis of
degradation phenomena and on-site measurements on cultural heritage [5,18,19], 1H NMR is nowadays even used to monitor
hydration processes in cementitious building materials [9,11,20]. Especially at these applications, the investigation material is
often partially saturated and the precise determination of low moisture contents becomes highly relevant.

In the first research topic presented in this article, the focus lays on the sensitivity and the applicability of the NMR
tomograph to samples containing lowmoisture contents. For this, we measured numerous samples from 19 sandstone types
at different saturation states. Besides the full and partial saturation states, this also included oven-drying at 40 �C, 60 �C, 70 �C
and 105 �C. To achieve partial saturationwith lowmoisture contents, the samples were stored in dessicators with six varying
saturated salt solutions until reaching mass consistency. The salt solutions thereby were needed to regulate relative
Fig. 1. Sketch of a slice-selective measurement (left) using the NMR tomograph with its movable lift system (right). See also Table 1.
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Table 1
Various parameters of the changeable coils of the tomograph. The coil types are: S: Slice, I: Image, C: Combi.

Coil 22 I 32 I 32C 42 I 42 S 52 S 72 S 72C

Max sample diameter [mm] 22 32 32 42 42 52 72 72
Min echo time 0D [ms] 50 50 50 60 e e e 80
Min echo time 1D [ms] 50 50 50 60 60 70 80 80
Min echo time 3D [ms] 1800 1800 1800 1800 e e e e

1D slice size [mm] 4e20 4e20 1e20 4e20 1e15 1e10 1e10 1e20
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humidities ranging from 33% up to 96%. One group of samples was placed into awater bath andmeasured after 1 min,15min,
3 h and until reaching mass consistency. However, the maximum saturationwas reached by first evacuating the samples with
a vacuum pump and subsequently flooding with tap water. All samples had a cylindrical shape. The sample height thereby
varied from 70 mm to 100 mm and the diameter from 19 mm to 22 mm.

The NMR measurements were conducted over the whole sensitivity length of the coil (no slice-selection) and with the
minimum available echo time of 50 ms. Therefore, we used the two smallest available coils for maximum sample diameters of
22 mm and 32 mm. Gravimetrical weighing served as reference for the determination of the moisture content. For the
monitoring of the sample weights at regular time intervals, we used a digital balance with a verification scale of 0.1 g and a
readability of 0.01 g.

The results are shown in Fig. 2. Comparing themoisture contents determined fromNMRmeasurements with themoisture
contents obtained from gravimetrical weighing, it is striking that the fit line shows an offset (Fig. 2(a)). The moisture contents
measured with NMR are slightly higher than those obtained from gravimetrical weighing. Even at theoretically dry samples
(after oven-drying at 70 �C and 105 �C), a moisture content is measurable by use of NMR.

Following the norm [21], oven-drying at 70 �C serves as reference for the dry state of natural stone. Therefore, we sub-
tracted the corresponding NMR signal of the dry samples from all NMR measurements. In this way, the moisture content
determined with NMR after oven-drying at 70 �C was manually set to zero. Regarding Fig. 2(b), it can be seen, that the
subtraction of the 70 �C NMR signal leads to an improvement of the fit and even the offset is reduced.

Finally, it can be summarized that the NMR tomographwith the technical composition used here has a high sensitivity and
therefore enables the detection of (low) moisture contents down to around 0.03 g or 0.1 vol.-% in natural stone. The results
show that even in oven-dried samples, a signal could be measured. In fact, this may (depending on the echo time used)
originate from strongly bound hydrogen protons as e.g. physically bound to the pore wall or even within internal structures
such as minerals. However, due to this phenomenon a correction of the measured signals is recommendable; especially when
the results are compared to different methods and the dry state has to be defined uniformly.
2.2. Hydration process of alternative green building materials

As the global demand for cement-based building materials is dramatically increasing the production of classic Portland
cement-based compositions results in high greenhouse gas emissions. Current efforts in building materials development are
hence focused on reducing process related CO2 emissions and maximizing the resource efficiency and circularity of the
materials. Alternative green building materials contain so called supplementary cementitious materials (SCMs), which are
mostly by-products from other industry sectors, to significantly reduce the amount of Ordinary Portland Cement (OPC)
clinker, the main compound of our to-date cement mixtures. Consequently, studies regarding the hydration behavior and
Fig. 2. Comparison of moisture contents in sandstone samples determined with NMR and gravimetrical weighing: (a) before subtraction of the 70 �C NMR
measurement; (b) after subtraction of the 70 �C NMR measurement.
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pore space characteristics of the new, yet to be optimized cement mixes containing different types and amounts of SCMs are
needed.

A few working groups have tried to establish the NMR technique for the investigation of the reaction kinetics of cement-
based samples and characterized the evolution of proton reservoirs (hydration products and pore spaces of different sizes)
during hardening. Muller et al. [9], Ectors et al. [22], Jansen et al. [23] and Naber et al. [11] succeeded in attributing the
evolution of the T2 relaxation time of the different water populations throughout the hydration and compared their findings
to results from X-ray diffraction (XRD) or scanning electron microscopy (SEM) analysis. These working groups, however, have
focused on classic OPC based CEM I samples and have used very small sample volumes of only 5 mL, which enabled them to
use very short echo times of only 5.2 ms.

The aim of our work now is to investigate the possibility of using the NMR tomograph allowing for much larger sample
sizes of about 25 mL (which is favorable for inhomogeneous material such as cement especially when SCMs are added) while
the lowest echo time in this setup is limited to 50 ms. For this experiment, we put fresh cement paste into 20 mm diameter
glass tubes and seal them so that the total moisture content does not change. The samples are then measured for 40e100 h in
0D configuration using a 22 mm diameter coil and a CPMG pulse with an echo time of 50 ms at time intervals of 20e30 min.

The observed temporal changes in the measured T2-relaxation time distributions (RTDs) are then attributed to the for-
mation of the pore system in the fresh hardened cement paste and the changing amounts of free, physically and chemically
bound water during hydration. We analyze the temporal change of the T2 RTDs (currently) by analyzing the following three
features:

1 Amplitude of the dominant mode in the RTD
2 T2 log mean time of the RTD as defined in [24].
3 T2 time of the dominant mode in the RTD

In Fig. 3 we compare these three features for a typical CEM I sample and a sister sample where 15% of the volume were
replaced by rice husk ash (RSA), a pozzolanic supplementary cementitious material [25,26]. We use heat flow calorimetry
(HFC) to study the hydration heat development. The general formation of hydration phases is for example described in
Ref. [27]. Our data indicate that NMR feature 1 is a good indicator for the beginning of the accelerated CeSeH generation (i).
The NMR features 2 and 3 coincide for the major part of the hydration for bothmixes. However, we observe a clear divergence
between them, which starts about when the mixtures pass from the plastic to the elastic state (ii) and probably becomes
maximal during the second aluminate reaction peak (iii). Currently we interpret the convergence of the features as about the
time when sulfate depletion in the mixes begins and C-A-H is formed (iv). It must be stated that the exact assignment of the
characteristic times to certain phase formations (or dissolutions) are so far rather estimations, which have to be confirmed by
further investigations such as XRD or SEM.

This example shows that we can achieve very similar results on significantly larger samples (25 mL vs 5 mL) and with
significantly longer echo times (50 ms vs 5.2 ms). Furthermore, the joint evaluation of multiple NMR features seems promising
Fig. 3. HFC and NMR results obtained on CEM I (squares) and CEM I (square symbols) þ 15% RSA (dashed lines) samples during the first 40 h of hydration. Four
different states of hydration are marked with (i-iv).

4



S. Kruschwitz, S. Munsch, M. Telong et al. Magnetic Resonance Letters xxx (xxxx) xxx
for a deeper understanding of the complex hydration behavior of very likely more and more heterogeneous cement mixes
involving significant amounts of SCMs or other types of recycled materials.
2.3. Ingress of moisture and deleterious ions

The transport of moisture and ions through buildingmaterials can have amajor impact on the durability of these materials
[28]. Their absorption can lead to chemical corrosion, physical degradation, or growth of microorganisms. Therefore, to es-
timate durability, it is important to understand how moisture and ions are transported.

Current testing methods have very low spatial resolution or are time consuming [28]. In addition, they often require the
sample to be destroyed [29]. Moisture is usually measured only by weighing the samples [30]. Therefore, the transport of
moisture and ions could only be considered separately. We have shown with a combined use of NMR and Laser-Induced
Breakdown Spectroscopy (LIBS) that these transport mechanisms can also be studied in correlation. LIBS is a method that
comes more and more into focus when it comes to measuring the ingress of ions such as chlorides, sulfates or nirates [31].

Capillary suction experiments were carried out on the specimens. A common ion that induces damage processes in
building materials is chloride [32]. Therefore, two different solutions were prepared, one 1 mol/L and one 4 mol/L sodium
chloride solution. This also served the purpose to investigate the influence of ion concentration on transport processes. For
the capillary suction experiments, the samples were immersed 5 mm deep into the 10 mm high solutions after [30]. The
suction experiments lasted between 3 and 300 h. Sample cylinders were removed from the solutions andmeasured first with
the NMR tomograph, then with LIBS.

The progression of moisture within the samples was monitored using an NMR tomograph. LIBS was used to measure the
ions. LIBS is a measuring system which heats the surface of the samples into a plasma using a high energy laser. The light
emitted by the plasma has an element-specific spectrum,which can be analyzed by optical emission spectroscopy. In this way,
a two-dimensional (2D)map can be created showing the elemental distributions on the sample surface [29,33]. To investigate
the ion transport within the samples, these samples were sawed dry along the sample cylinder height.

Four different materials were tested, two sandstones, the Santa Fiora and the Skala and two cementitious building ma-
terials, a mortar and a concrete. The mortar was produced from Portland cement CEM I 42-R and standard sand up to a grain
size of 2 mm. The concrete was madewith the same cement and standard sand up to 8 mm grain size. All sample cores have a
diameter of 40 mm and a height of 100 mm. At least 14 cylinders were made from each material. These were then dried in an
oven at 70 �C and then laterally sealed with epoxy resin.

Two different types of measurements were used to investigate moisture transport, one-dimensional (1D) and three-
dimensional (3D) measurements. For the 1D measurements, 2 mm thick slices were chosen, resulting in a moisture profile
versus sample height. For the 1D measurements, the 42 Slice coil was used. The echo time was set to 0.06 ms.
Fig. 4. Moisture and ion fronts in (a) Skala, (b) Santa Fiora, (c) mortar and (d) concrete. Moisture fronts have solid lines, chloride fronts have dashed lines. Graphs
of the 1 mol/L suction experiments are more transparent, graphs of the 4 mol/L suction experiments have square symbols.
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To better track transport through the materials, the penetration fronts were determined. They were defined as the height
at which the signal fell halfway between the maximum and minimum. The moisture and ion fronts are shown in Fig. 4.

In general, the moisture always rises faster than the ions. In addition, the penetration height in the cementitious building
materials, and therefore the penetration velocity, is directly dependent on the ion concentration. Moisture and ions in these
materials seem to penetrate faster when the chloride concentration is higher. In this context, the sandstones appear to be less
susceptible to changes in ion concentrations. In Skala, moisture and ions increase too rapidly to perceive differences, while
Santa Fiora shows only minimally increased suction velocities at higher ion concentrations.

In addition to the 1D measurements, 3D measurements were made. Again, capillary suction experiments were performed
for these measurements. However, the samples were not further investigated with LIBS, but were placed back into solution
after measurement to continue the experiment.

For the 3D measurements, the measurement volume was divided into 1 mm � 1 mm x 1 mm volumes, called voxels. This
creates a 3D image of the moisture distribution within the sample cylinders. The 42 Image coil was used for the 3D mea-
surements. The echo time was set to 1.8 ms for the 3D measurements, since no useful results could be obtained with a lower
time. The 3D measurements were performed only with the Santa Fiora sandstone, because with this material a water signal
could be clearly distinguished from the noise despite the higher echo time.

To allow a comparison between 1D and 3D measurements, the signal of the 3D measurements was averaged to produce a
profile as a function of height. As with the 1D measurements, the front of the moisture can then be determined. Fig. 5 shows
the comparison between the 1D and 3D moisture fronts for the Santa Fiora Sandstone.

The moisture fronts of the 1D and 3Dmeasurements are consistent, which shows that 1D as well as 3Dmeasurements are
suitable to follow themoisture progression through building materials. However, the higher echo time limits whichmaterials
can be used for such investigations, as it ensures that water signal and noise can not always be clearly separated.
2.4. Salt frost attack

Road pavement concretes in Northern and Central Europe usually have a high resistance to freeze-thaw with deicing salt
due to the application of air entraining agents (AEA) to the concrete mixture. Adequately distributed micro air voids in the
hardened concrete provide expansion space for freezingmoisture and thus prevent cracks or surface scaling. A decrease of the
resistance to salt frost attack has been discovered for internally hydrophobized road pavement concrete (IHRPC), which is
originally intended to be used to increase the resistance to alkali aggregate reaction [34]. Although the distribution of air voids
is modified by the hydrophobizing agent, the normative requirements e.g. spacing factor and micro air void content are
fulfilled. Therefore, it seems counterintuitive that an internally hydrophobizing agent, protecting the concrete from external
moisture penetration, causes increased surface scaling due to salt frost attack. The aim of the study is to investigate the
moisture penetration behavior of treated with respect to untreated concrete samples exposed to freezing and thawing with
deicing salt according to the Capillary suction of de-icing solution and freeze thaw (CDF) test [35]. With the NMR core
analyzer, moisture profiles over the sample height of specially prepared core samples are acquired. Afterwards NMR
amplitude vs. T2-relaxation time distribution (RTD) provides qualitative information about a pore size-dependent moisture
content for each NMR volume slice across the profile. Additionally, it may be possible to discriminate between potentially
freezable and non-freezable moisture, since in a micro-to nanoporous material like cement paste an amount of moisture
remains unfrozen even at - 20 �C [e.g. 36, 37, 38. However, it is important to notice, that at subfreezing temperatures unfrozen
moisture from gel pores is dragged to concurrently forming ice lenses in larger capillary pores or air voids [39], causing
shrinkage in the bulk cement paste and further expansion of ice lenses. We are not able to monitor this moisture redistri-
bution while freezing, as we can only measure the moisture condition at 20 �C.
Fig. 5. Santa Fiora: Comparison of moisture penetration fronts obtained from 1D (dashed line) and 3D (solid line) measurements using (a) 1 mol/L NaCl solution
and (b) 4 mol/L NaCl solution.
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The acquired moisture profiles are one of the basic requirements to test the following hypothesis, in order to explain the
IHRPC's significant poorer resistance to freeze and thawwith deicing salt: Themoisture content in the outermost surface zone
is high and decreases with respect to the penetration depth strongly. A thinmoisture saturated layer forms in contact with the
outer reservoir of test solution. The thin saturated layer expands during freezing. The considerable larger volume of the
residual specimen shows a much lower saturation level resulting in lesser amount of expansion during freezing and hinders
expansion of the thin saturated layer. This results in compressive stresses parallel to the specimen's surface, which in turn
may induce considerable tensile stresses perpendicular to the surface. Because the strength of the hydrophobized concrete is
lowered with respect to concrete without treatment, surface scaling is enhanced.

For each moisture state analyzed, we performed 611D NMRmeasurements with a slice thickness of approximately 3 mm
and a step size of the lift of 2 mm. A coil with a diameter of 72 mm was used with a minimum echo time of 80 ms.

The concrete properties examined for both mixtures are given in Table 2. The dosage of the AEA has to be enhanced by a
factor of approximately 10 for the IHRPC to obtain comparable fresh concrete properties for each mixture. This results from
the negative interaction between both admixtures. In comparison to the reference mixture, the bulk density of hardened
concrete as well as the compressive strength is lowered slightly. Also the spacing factor of air voids andmicro air void content
also decrease, which indicates a larger amount of very small air voids (10e60 mm) in the IHRPC (see Fig. 6). At larger pore sizes
(60e300 mm) the number of air voids decreases with respect to the concrete without internally hydrophobic treatment, thus
pore volume in this size range is slightly lower. The IHRPC absorbs significantly less moisture in total after CDF-test but shows
significantly more surface scaling (see Table 2).

Moisture absorption was assessed by the integral of NMR amplitude over two defined ranges of RTD in dependence on
sample depth. The following three differing states during testing were compared:

, initial state; immediate before presaturation phase starts
, presaturation state; after 168 h capillary absorption of 0.56 M (3 wt.-%) NaCl solution
, final state; after 28 freeze-thaw cycles (ftc) subsequent to the presaturation phase

Fig. 7 (a) shows the sum of NMR amplitudes corresponding to T2-times � 0.8 ms, which is interpreted to represent the
moisture content in capillary pores. Fig. 7 (b) shows the sum of NMR amplitudes corresponding to T2-times < 0.8 ms, which is
interpreted to represent themoisture content in gel pores. The total moisture content over sample depth is shown in Fig. 7 (c).
A detailed assignment of T2-times to pore spaces of cementitious materials (white cement) is given by Fischer et al. [10]. In
this study, concrete was made of grey cement with a Fe2O3-content of 2.97 wt.-%. It should be noted, that paramagnetic
impurities generally reduce T2-times [40].

It becomes obvious, that the IHRPC moisture profile of the capillary pores (Fig. 7 (a)) has a steeper gradient with respect to
concrete without treatment, whereas the maximum total moisture content in the outermost surface is similar for both
concrete types. The difference of moisture content of gel pores of both concrete types decreases with an increasing number of
ftc (see Fig. 7 (b)). The gel poremoisture in the IHRPC in the initial state is higher than in the reference. Therefore, the absolute
gain in gel pore moisture is higher in the reference concrete. Also it is worth noting, that the capillary moisture content in
IHRPC increases slightly due to capillary suction after the presaturation phase, however, it raises considerably by subsequent
alternation of freezing and thawing. The moisture transport during freezing and thawing with deicing salt is governed by
micro ice lenses pump [41], cryogenic suction [42, 43, 44[42, 43, 44, e.g.] or a combination of both theories [38]. It is obviously
more effective than the capillary suction, even in the IHRPC. Freezable moisture at subfreezing temperatures is located in
capillary pores, where ice lenses begin to form and grow with declining temperature. The moisture in the gel pores remains
unfrozen due to depression of freezing point by surface interaction. As a result of this thermodynamic disequilibrium the
moisture in gel pores is squeezed out into capillary pores and freezes at the ice lenses. During thawing the hardened cement
paste relaxes and gel pores absorb the moisture again. If an external moisture reservoir is available, additional moisture will
be absorbed and accumulated in the hardened cement paste with every further ftc [41]. The observedmoisture gradient with
Table 2
Properties of fresh as well as hardened concrete with and without internal hydrophobization. Errors represent single standard deviation.

Concrete Properties without with

limit value Internal hydrophobization

Fresh concrete Time after mix begin [min] 10 30 45 10 30 45
Bulk density [g/cm3;] 2.252 2.250 2.253 2.244 2.251 2.251
Air void content [vol.-%] 5.5 < x < 6.5 5.6 6.0 5.7 5.9 6.0 5.6
Degree of compactibility [�] 1.18 1.23 1.25 1.24 1.27 1.26

Hardened concrete Bulk density 150 mm cube (28 d) [g/cm3] e 2.277 ± 0.02 2.260 ± 0.04
Compressive strength 150 mm cube (28 d) [N/mm2] e 43.7 ± 1.4 38.1 ± 1.0
Spacing factor [mm] <0.2 0.15 0.11
Micro air void content A300 [vol.-%] >1.8 2.80 2.51
Total moisture gain after CDF-test [%] of specimen weight e 1.27 ± 0.05 0.79 ± 0.04
Surface scaling [g/m2] <1500 132 ± 27 544 ± 98
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Fig. 6. Air void size distribution examined by linear-traverse method with an optical microscope.

Fig. 7. Moisture profiling during presaturation and freeze-thaw cycle phase in modified CDF-test samples; (a) NMR amplitudes for T2-times � 0.8 ms; (b) NMR
amplitudes for T2-times < 0.8 ms; (c) NMR amplitudes for all T2-times.
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penetration depth in capillary pores in IHRPC suggests a considerable amount of freezeable moisture in a volume confined by
maximum penetration depth of 15e20 mm (see Fig. 7 (a)). In the reference concrete the volume, where ice lenses are likely to
form is less confined by the maximum penetration depth of approximately 40 mm (see Fig. 7 (a)). The ability to build up
sufficiently high tensional stress by hindered expansion of the freezing volume to reach the concrete's tensile strength is still
matter of further investigation.
2.5. Thermally-induced moisture redistribution

Concrete, in particular high-strength concrete, is prone to explosive spalling in the case of fire exposure. Currently,
thermohydraulic and thermomechanical damage mechanisms are commonly considered as the main causes of explosive
8



Fig. 8. (a) Schematic depiction of the miniaturized concrete specimen; (b) and (d) Heatmap of RTD before (b) and after (d) unilateral heating in dependence on
the specimen's depth; (c) Total amplitude before and after unilateral heating.
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spalling [45,46]. The thermomechanical damage mechanism bases on stress inhomogeneities as a result of the temperature
gradient within the fire exposed component. The present contribution focuses on the thermohydraulic spalling mechanism.
For this mechanism, the “moisture clog” theory plays an important role. The theory, developed by [47,48], states that as a
result of thermal exposure, the water present in the concrete is released and evaporates. This leads to a pressure induced
moisture flow towards the heated surface of the concrete as well as to the inner part of the heated concrete. As a result of the
existing temperature gradient, the water condenses in deeper specimen areas and leads to a water-saturated zone, the so
called moisture clog. This zone is impermeable for water vapor, which impedes the flow of water vapor in the specimen and
can result in high pore pressures that can cause explosive spalling. To understand the thermohydraulic damage mechanisms,
the knowledge of the moisture transport and reconfiguration processes within concrete during thermal exposure is of central
importance.

In the last decade, different experimental investigations have been carried out to confirm the moisture clog theory. An
overview of these approaches including NMR measurements are given in [13].

Based on the setup in [13], NMR measurements were carried out on miniaturized concrete specimens before and after
unilateral heating. Thereby, it was the aim to improve the depth resolution as well as to reduce the echo time. The minia-
turized specimen simulates a large, planar building component and requires a one-dimensional heat andmoisture flux inside
the concrete specimen during the thermal exposure. Therefore, the radial heat andmoisture loss through the shell surface are
prevented by means of a double layer shell made of glass ceramic and high-temperature wool (see Fig. 8 (a)).

The NMR measurements were performed with the 52 mm-coil and an echo time of 70 ms. In order to obtain depth-
dependent results with a resolution of 2 mm, slice-selective measurements perpendicular to the heated surface of the
specimen were utilized using the slice gradient system of the NMR tomograph. Each measurement consisted over 50 slice-
selective measurements and took about 1.5 h.

The depth-dependent results of the NMRmeasurements conducted before and after heating of the specimen are shown in
Fig. 8 (b)e(d). In addition to the total detectable amplitude (see Fig. 8 (c)) that corresponds to the moisture content, the
distributions of the T2-time dependent amplitude before (b) and after (d) the unilateral heating are shown.

The different relaxation times indicate different pore sizes or bonding strengths of moisture in the cement matrix. Before
heating, an almost homogeneous moisture distribution across the specimen depth is visible. Most of the detectable moisture
exhibits transversal relaxation times below 0.3 ms indicating moisture in gel pores [10]. After unilateral heating, the moisture
content near the heated surface decreases. Behind this drying zone, a zone with higher amplitudes is visible characterized by
longer T2-times of up to 1e2ms (see Fig. 8 (d)). This zone corresponds to amoisture accumulation, the so calledmoisture clog.
In addition to the higher total amplitude, the change in transverse relaxation times shows that there is also a rearrangement
of moisture into larger pores, for example the capillary pores [10]. This must also be considered in connection with a ther-
mally induced pore structure change due to the decomposition of the hardened cement paste phases [49].
3. Summary and conclusion

1H NMR relaxometry is a relatively new and powerful analytical technique that is gaining popularity in the study of
building materials. It has been used as a non-destructive tool to analyze the physical and chemical properties of materials,
such as their water content, porosity, and hydration mechanisms. In this paper, we present the functionality of the NMR core
analyzing tomograph which was custom built to meet our requirements for the investigation of both any moisture related
damage processes as well as the characterization of alternative, more climate friendly (more heterogeneous in composition)
building materials.

The new device proved to be a very sensitive tool for even very small changes in absolute moisture content (down to
0.03 g) and the spatial moisture distribution. Even after oven-drying at 70 �C and 105 �C degrees a residual moisture content
was measurable in sandstones. Hence, for better comparability with other methods, the NMR signal needs to be calibrated.

The small echo times and the variable coil diameters allow the detection of highly bound water (e.g., in gel pores of
cement-bound building materials) with high SNR. By using slice-selective measurements the moisture content as well as the
9
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RTD can be determined with a depth resolution of up to 1e4mm.We could show that moisture changes (e.g., due to different
exposures such high temperatures, freeze thaw, capillary suction) can be determined and quantified.

Depending on the pore size distribution of the materials, it is also possible to study the ingress of moisture in 3D. However,
this is mainly successful when larger pores or cracks prevail which are characterized by higher echo times (� 1.8 ms).

With the NMR tomograph, we have further succeeded in performing automated measurements on larger and hetero-
geneous, cementitious samples with many echoes and short echo intervals over a period of several days to monitor the
hydration. This had previously only been demonstrated on much smaller samples with about 1/5 of the volume and, in our
opinion, opens up a unique opportunity for further the characterization of climate-sensitive binders with heterogeneous
additives.
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