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Since nuclear magnetic resonance with focus on 'H protons is highly sensitive to pore filling fluids, it is nowadays
often applied for the investigation of porous media. Mainly in materials research and especially in the field of
non-destructive testing in civil engineering it is increasingly used. Scientific questions about and based on NMR
meanwhile cover a broad spectrum.

To give an overview, we have reviewed various studies dealing with the determination of moisture contents and
parameters such as the pore-size distribution, surface relaxivity, porosity, etc. In some papers, the monitoring
of moisture transport in connection with degradation processes or admixtures was the main objective. In other
papers, NMR was used for pore space analysis or even applied on site to assess the state of conservation of cultural
heritage. Building materials that have been investigated in the presented studies are for example cement, concrete,
woods, sandstones etc.

In this paper, short descriptions and the significant results of the reviewed articles are summarized and their
measurement problems and discrepancies are pointed out. A special feature of this review article is the concise
tabular compilation of determined T; and 7, relaxation times, as well as of surface relaxivity values for various
materials and components. Finally, relevant aspects are summed up and conclusions about the increasing potential
of NMR relaxometry for investigations of porous building materials are drawn, followed by an outlook about
future applications and the need for technical development.

1. Introduction

The physical phenomenon of nuclear magnetic resonance (NMR) in
bulk material was discovered in the 1940s by Bloch [1] and Purcell et al.
[2]. However, the origin of NMR goes back further and lies in the de-
velopment of the spin concept in the 1920s and the discovery of the
proton’s magnetic moment [3]. First NMR applications were limited to
physical and chemical experiments in laboratory (e.g. carbon and sili-
con chemistry)[4]. While most chemists applied continuous wave NMR,
the physicists started to focus on pulse NMR with the aim of analyzing
solids. Soon, the measurement of relaxation times with pulse NMR be-
came an important issue for oil exploration. As described in Woessner
[5] and Varian [6], the methodology NMR logging (earlier known as
nuclear magnetism logging) was introduced in the early 1950s. Later,
NMR started to be applied in biochemistry and materials research [3,7-
9]. A list of the first investigated non-metallic solids may be found in
Andrew [9].

In the early 1980s, NMR was finally enhanced to high-resolution
solid-state NMR and could be applied on cementitious materials with
an additional focus on hydration processes [10-12]. Since then, there
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has been an intensive development as a response to the steadily grow-
ing demand on cement and concrete research. Nowadays, particularly
the NMR relaxometry with focus on 'H protons is increasingly used in
civil engineering; especially in non-destructive testing. Besides material
and pore space characterization, the analysis of degradation phenom-
ena (e.g. microfractures, disintegration and alcali-silica reaction) and
other effects of environmentally-induced damages are of high signif-
icance [13-15]. Moreover, current topics are also stone conservation
within the scope of cultural heritage [16,17], quality assessment of con-
crete coating systems and the influence of steel reinforcement on on-site
NMR measurements [18]. Therefore, there is an obvious need for an up-
dated overview about possible applications as well as about technical
and methodical restrictions for the use on building materials.

The review article points out the objectives of the research done so
far and sums up various application restrictions. We refer to numer-
ous studies of proton NMR relaxometry applied to different kinds of
porous building materials. The reviewed papers deal for example with
hydrated building materials as well as with fresh pastes, natural stones,
etc. Thus, several studies focus on moisture transport, determination of
pore-size distributions (PSD) or corresponding NMR parameters such
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as the surface relaxivity. Some authors also present results regarding re-
lated process limitations when using 'H NMR relaxometry. Most of these
experiments were conducted in laboratories, while only few results were
collected in the field. In this article, a variety of possible set-ups using
NMR devices such as single-sided or bench-top devices, spectrometers
and drill core analyzing instruments is covered.

To obtain an overview about the various reviewed studies, we sorted
their relevant results according to the materials under investigation and
related to the scientific questions. For better comparison, we compiled
the determined values of transversal and longitudinal relaxation times
as well as the surface relaxivities and summarized them in Section 4.

Our paper is structured as follows:

o First, the theoretical background is presented.

o Then, the following main sections discuss the current technical de-
velopments, applications, and the related restrictions and discrepan-
cies regarding NMR measurements in porous building materials.

« Finally, the applicability and significance of NMR for non-destructive
testing in civil engineering and future topics are summarized and
discussed.

2. Physical principle of nuclear magnetic resonance

The geophysical method NMR is based on the interaction of atomic
nuclei with magnetic fields. Depending on the technical set-up and es-
pecially on the magnetic field strength, the method can be divided
into high- and low-resolution applications. High-resolution NMR (spec-
troscopy) enables the analysis of chemical properties and structural in-
formation on molecular basis such as bonding types. Nevertheless, spec-
troscopy requires strongly homogeneous magnetic fields with closed
magnet constructions so that the sample size is often limited to a few
grams. To achieve strong field strengths (e.g. in excess of 2.3 T), large
superconducting magnets are needed [19]. Thus, this review mainly
focuses on low-resolution NMR (especially relaxometry applications)
which allows the investigation of larger samples or even of building
constructions on site. Low-resolution NMR is often also named dynamic
NMR and includes both relaxometry and diffusometry measurements
[10]. NMR diffusometry measurements are based on field gradients and
aim to study diffusion processes and to determine self-diffusion coeffi-
cients [20,21]. As explained by Bliimich et al. [22], low-field NMR uses
static magnetic fields in the order of one Tesla or less and hence oper-
ates at frequencies up to 50 MHz. In contrast to NMR spectroscopy, NMR
relaxometry provides information at a larger scale e.g. about pore struc-
tures and fluid transport and is therefore typically used to determine
the water content, porosity as well as permeability. NMR relaxometry is
also applied for describing pore spaces of porous materials, composites
and solids [10,23].

In general, the NMR method is applicable to various NMR-active nu-
clei that have a magnetic dipole moment caused by their nuclear angular
moment or nuclear spin [8,22]. The standard isotope to be investigated
by single-sided NMR is 'H, since it has a large magnetic moment and
therefore produces a high NMR signal [8,24]. The simplified principle
of NMR is presented in Fig. 1. In a static magnetic field B, (longitudinal
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Fig. 1. The three main steps of the NMR principle: Po-
larization (a), deflection (b) and relaxation of protons
(c). Source: own presentation.

Relaxation
z

axis, z-axis), the nuclei or spins align with B, and start to precess around
the field axis with their specific Larmor frequency A. This alignment pro-
cess (polarization) leads to a net bulk magnetization M, parallel to B.
The time it takes to polarize all spins, can be measured and is speci-
fied as the longitudinal relaxation time T (see Eq. (1)). Furthermore,
at equilibrium, the magnitude of M|, is proportional to the atomic nu-
clei content in the measuring volume [25]. In the case of a water-filled,
but itself hydrogen-free pore matrix, the magnitude of M, provides the
water content of the investigated volume and in fully saturated media,
even the porosity may be obtained (calibration needed).

After polarization, a secondary magnetic field B, perpendicular to
B, is turned on. When B, oscillates with the precession frequency, the
nuclear magnetization can be tilted into the transverse plane (x’-y’ plane,
orientation of B,) due to the occurring resonance effect. Subsequently,
B, is turned off and the spins start to dephase (relaxation). Therefore, the
net magnetization M, decreases and a decaying signal can be measured
in the transverse plane. The time constant of this relaxation process is
called the transversal relaxation time 7, (see Eq. (2)).

Mz(t)=M0<1—e%ll> D

M) = My, (e%zr > o)

where M is the magnetization; ¢ is the time and T is the relaxation time.

Both above described time constants are measurable and normally
related to mono- or multi-exponential signals. In addition to the magne-
tization’s magnitude, the decaying relaxation processes themselves pro-
vide further parameters to analyze the pore spaces and the pore filling
fluids.

In the following section, the authors give a short description of re-
laxation within porous media. More theoretical details and explanations
of the NMR basics and typically used pulse sequences can be found in
[8,20,22,25]. A comparison of 7| and 7, measurements as well as their
advantages and disadvantages is given by [26]. Details on the devel-
opment of multidimensional NMR methodology having more than one
measurand in contrast to conventional NMR relaxation and diffusion
experiments, are given by Song [7], Stapf and Han [21]. They give in-
formation on NMR in porous media and describe various multidimen-
sional relaxation and diffusion measurement experiments in detail (e.g.
diffusion-relaxation or relaxation correlation).

2.1. Relaxation process in porous media

When NMR is applied to building materials such as cement based
or natural materials, measurable protons can be found in both their
chemical structures and in the pore filling fluid. Since the chemically
and physically bonded water has much shorter relaxation times com-
pared to porous trapped liquid water, the latter mainly contributes to
the NMR signal. However, the relaxation process described in the pre-
vious section is influenced not only by the molecules themselves, but
by their environment as well [22]. This environment is defined by the
pore shapes, their connectivity, sizes and the mineralogical composition.
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While synthetic materials are often characterized by well-defined pores
and sometimes even periodic structures, natural materials may have ir-
regular pore shapes and sizes. In building materials, which may include
both natural and synthetic components such as cement, concrete, rocks
or partially synthetic fibres, even both types of pore systems co-exist
[22].

A first model to explain relaxation processes in pores (biological
cells) was presented by Brownstein and Tarr [27]. In the proposed the-
ory, the relaxation process in pores was firstly described as a multi-
exponential decaying signal in contrast to the mono-exponential nature
of bulk water’s relaxation. Brownstein and Tarr [27] explained the phe-
nomenon as a consequence of size and shape of the spatial environment.
The main causes that lead to a much faster relaxation than in bulk water
are the natural diffusion of molecules, possible collisions with the pore
wall and diffusion caused by the influence of paramagnetic minerals on
the pore surface or by the inhomogeneity of B,. Therefore, a proton
crossing through a pore may pass two different relaxation regimes, the
surface and the bulk relaxation regime [22]. Within the bulk relaxation
regime, relaxing molecules do not collide with the pore wall and are
constantly surrounded by the bulk fluid. The surface relaxation regime
though refers to relaxation of molecules that diffuse close to the pore
wall and are affected by paramagnetic impurities.

Considering that the longitudinal relaxation is insensitive to diffu-
sion effects (self-diffusion) caused by internal and external magnetic
field gradients, for fluids in pores (especially rock pores) a longitudi-
nal relaxation rate (Tll) may be divided into two components [25]. On

the contrary, the transverse relaxation rate (Tl) may be described by
three components including the above named diffusion relaxation rate
[8]. The corresponding equations of relaxation rates may be described
as follows:
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with Tp,;; as the relaxation time of the pore fluid without influence of
the environment; T, /.. as the relaxation time of the pore fluid influ-
enced by the pore surface; Tp; 7,0, @S the relaxation time of the pore
fluid induced by diffusion effects.

In the context of relaxation in porous media, Brownstein and Tarr
[27] also defined the fast-diffusion limit. The fast-diffusion limit states
that a molecule can cross a pore multiple times during a relaxation pro-
cess when the pore is small and the surface relaxation mechanism slow
enough [8,21]. If the fast-diffusion limit is valid, the measured relax-
ation is an average of surface and bulk relaxation so that diffusion effects
caused by inhomogeneities in the magnetic field may be neglected. In
this case, the bulk relaxation rate is often lower than the surface relax-

ation rates, so that the term T; may be neglected as well. In the case
Bulk

of partial saturation, relaxation rates are more strongly accelerated by
surface relaxation due to surface interactions at the pore wall-liquid in-
terface [28]. Additionally, thin water layers and the resulting liquid-air
interface of partial saturated pores also result in short relaxation times
[29].

Finally, with reference to the surface-to-volume ratio of a pore
(S/V), the surface relaxation rate results in Eq. (4). At full saturation
and within the fast-diffusion limit, the PSD of a sample can be obtained
from a T, or T, spectrum using this equation. The material specific con-
stant, the surface relaxivity p, thereby describes the capacity of the sur-
face to relax the protons. Since the longitudinal and transversal relax-
ation represent two different processes and S/V is constant within an
observed pore, consequently, p, and p, differ (see (4)). Nevertheless,
the surface relaxivities may be experimentally determined in multiple
possible ways [21,30,31]:

1. the matching of NMR data with PSDs obtained by e.g. mercury in-
trusion porosimetry (MIP);

2. the use of surface area measurements (from gas adsorption or image
analysis);
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3. the combination of standard Carr-Purcell-Meiboom-Gill (CPMG) se-
quence measurements with restricted diffusion NMR [32];

4. the use of the ’decay due to diffusion in the internal field’ (DDIF)
concept, which is based on internal gradient fields resulting from
susceptibility variations [21].

1 S
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2.2. Data evaluation and computation of the numerical inversion

One main task in NMR application is the data analysis. The magne-
tization’s amplitude and the numerical inversion of the decaying signal
(see Fig. 2) are in the focus of evaluation. The initial amplitude A, of the
measured decay curve is thereby proportional to the proton’s quantity
and therefore enables the detection of moisture ingress and moisture in-
duced damages which is interesting for the non-destructive assessment
of building conditions. However, analyzing the initial amplitude, some
points must be considered:

1. Since the units of the measured values are device-dependent, a cal-
ibration is needed. Therefore, the use of bulk water as a reference
sample enables the theoretically exact quantification of the moisture
content within the sample.

2. In practice, the loss of proton’s signal within the so-called dead time
of the receiving radio frequency coil (acquisition limitation) may
lead to systematic deviations of the measured moisture content. Re-
laxation processes shorter than the time window between excitation
and recording are not measurable and therefore do not contribute to
the NMR signal. With reference to the above described fast-diffusion
limit (s. Section 2.1), this effect mainly occurs in very small filled
pores or in partially saturated pores with only a thin layer at the
pore’s outer circumference.

3. In inhomogeneous magnetic fields the first echos are influenced by a
transient effect which causes alternating deviations in the amplitude.
More details on this effect and possible corrections may be found in
[33-35].

A way to analyze the whole decaying signal is a numerical inver-
sion to achieve a spectrum (relaxation-time distribution) showing the
time constants of the superposed exponential functions. As described in
Bliimich et al. [22], the integral of the relaxation-time distribution is
equal to the initial amplitude of the decay curve and therefore equal to
the proton’s quantity. In relation to the previous section (2.1), at full
saturated state, the time distribution of the sample also represents its
PSD.

The numerical inversion mentioned above is based on multi-
exponential curve fitting and is a regularized solution of a first kind Fred-
holm integral equation [36]. As Fordham et al. [36] explain, the NMR
community typically calls this calculation the ’inverse Laplace transfor-
mation (ILT)’. That is not correct. The true ILT cannot perform a cal-
culation of such (time) distributions. The main problem is the needed
Laplace variable which has to be complex. Taking the experimental time
t as the Laplace variable, therefore is a contradiction, because ¢ cannot
be complex. However, the true ILT is actually used for diffusion calcu-
lations to derive real time-dependent solutions [36].

Like most inversion problems in geophysics, the numerical inver-
sion of NMR data is considered as ill-posed and vulnerable to noise (ill-
conditioned) [7,37,38]. This means that noise in the data can cause sig-
nificant changes in the inversion results and there is an infinite number
of solutions that may fit the noise model [7]. A typical tool to avoid
problems of ill-conditioning is regularization. According to McWhirter
and Pike [38], Tikhonov [39] has proposed a first regularization method
of ill-posed inversion problems that is based on the L,-norm (least
squares method). Other methods to regularize the fitting of noisy data
(non-unique problem) are amplitude and curve smoothing regulariza-
tion methods e.g. the s-curve criteria as mentioned by Edelmann et al.
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Fig. 2. The two main evaluation steps of NMR
data analysis: determination of the proton den-

initial amplitude A,

water content

Amplitude
Partial amplitude
(probability)

sity from the initial amplitude A, (a) and the
numerical inversion to obtain a relaxation-time
distribution (b); when the surface relaxivity is
known, the measured relaxation times can be
converted into pore sizes. Source: own presen-
tation.

Time

[37]. Positive and negative aspects of regularization and smoothing of
relaxation time spectra are given by Kleinberg [40]. Furthermore, Klein-
berg [40] shortly discusses the stability of multi-exponential composi-
tions in the presence of noise.

Basics and further details on analyzing tools and inversion parame-
ters can be found in [41-43]. Berman et al. [41] thereby deals with low-
resolution NMR and shows examples of simulated and measured data.
In addition, they discuss inversion results obtained with different algo-
rithms including L, regularization (least absolute deviations method)
and an optimization solver with regard to the stability and repeatability
[41]. Insights into more extended practical applications of numerical
inversions to obtain PSDs and surface relaxivities are given by Mohnke
et al. [29], Hiller and Klitzsch [44]. While Mohnke et al. [29] used a
new pore model to calculate the NMR signal of partial water fractions
in pores with triangular cross sections, Hiller and Klitzsch [44] later pre-
sented a joint inversion approach to derive PSDs and surface relaxivities
from NMR measurements at different capillary pressures with reference
to the triangular pore model.

In the end of this section, the authors also would like to shortly men-
tion aspects about two-dimensional (2D) distribution functions. As de-
scribed in [21,22,35,45,46], multi-dimensional distribution functions
(2D Laplace NMR) enable further insights into a sample compared to
one-dimensional (1D) experiments. In a 2D NMR experiment, the relax-
ation behavior is measured in dependence of two independent variables,
which can be the diffusion coefficient D, T| or T,. For the evaluation,
possible combinations of such 2D distribution functions are for exam-
pleT, - T,,T, - T,, D — D or D — T, etc. With regard to low-field
NMR, 2D relaxation studies enable the determination of exchange rates
between different pore systems, an analysis of heterogeneous samples
and even identification of different components [35]. As explained by
[47], in contrast to a T, relaxation-time distribution, 2D NMR relax-
ation analysis even gives information on the pore connectivity. Further
advantages are its applicability within strongly imhomogeneous fields
and suitability to study local internal gradients caused by susceptibility
differences [22].

3. NMR technique development

Spectrometers that were mostly used in chemistry and biology to in-
vestigate for example silicon and polymers, were the first equipments
of the NMR technique and were commercially developed in the 1950s
[3-5]. Moreover, almost at the same time, NMR was implemented as
a well logging tool for oil exploration since it enables a differentiation
between oil and water based on the relaxation times. Within this scope,
the first device to let protons precess in the earth magnetic field was de-
signed by Varian [6]. As fascinatingly told by Lauterbur [4], afterwards,
first medical applications started in the 1960s. He set up a milestone for
magnetic resonance imaging (MRI) by developing a three-dimensional
(3D) imaging technique based on field inhomogeneities that label the
signals according to their spatial coordinates. With this development,
medical investigations of humans using MRI began in the late 1970s.

The first whole-body scan imaging system was then constructed in the
early 1980s.

In the 1980s, as described by Clague [48], the commercial exploita-
tion of solid-state NMR began as well. Nevertheless, first applications
of dynamic NMR to cementitious materials have already been done in
the late 1970s [10]. Due to the new investigation possibilities in ma-
terials research, NMR received increasing interest as a non-destructive
measurement tool. Compared to other methods in materials research,
namely chemical component and structure analysis, NMR is relatively
easy to implement and measurements can be carried out much faster
[49].

As high-resolution NMR applications require strongly homogeneous
magnets (better than 0.1 ppm) with high magnetic field strength and
therefore are based on large closed magnet constructions, measurable
sample sizes are limited to the measurement volume within the mag-
net[24]. Hence, in-situ studies of large objects are not feasible and the
application of high-resolution NMR is typically restricted to the labo-
ratory [35,50,51]. An initial step for the development from MRI to-
mographs to handheld devices with open magnet geometries was the
inside-out NMR measurement concept. This inside-out concept (called
NMR logging) was developed in the oil industry and was first based on
the earth’s magnetic field [6,51,52]. The distinguishing feature thereby
is that the entire spectrometer is inserted into the borehole as a probe.
The aim of NMR logging is the determination of reservoir rock proper-
ties such as e.g. porosity, permeability, PSD, and saturation. With the
commercialization of NMR logging in the 1990s and the construction of
well-logging NMR sensors based on permanent magnets, finally the de-
velopment and application of mobile single-sided devices was initialized
[8,35,50,51].

To increase the mobility and to permit a simple handling, even on
larger stationary samples on site, the development of low-field NMR in
the last years clearly aimed at making NMR tools much smaller and more
compact [53]. Especially for materials research and applications in the
field of non-destructive testing in civil engineering, portable NMR tools
are needed. Details on the development of compact NMR sensors and
applications of single-sided NMR may be found in Stapf and Han [21],
Casanova et al. [35], Bliimich et al. [51]. Moreover, an overview about
compact permanent magnet designs for portable NMR instruments is
also given by Johns et al. [52], Demas and Prado [54]. Most of the
developed unilateral NMR devices like the NMR-MOUSE (Magritek Ltd)
[55,56], the surface GARField magnet [21,57,58] and the NMR-MOLE
[59] have their measurement volume outside the device and are there-
fore not limited regarding sample geometries [53,54,60].

Single-sided devices as the NMR-MOUSE are normally based on per-
manent magnets with magnetic field strengths of around 25 mT up
to 0.7 T [24]. They have a static gradient field because of their open
magnet geometry and allow measurements in defined sample depths by
moving the magnet. Moreover, this feature allows to carry out measure-
ments on site [61]. As described in Nunes et al. [15], this way it is pos-
sible to investigate multilayered materials and near-surface structures
(e.g. of historical buildings) non-destructively. Nevertheless, the use of
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single-sided NMR devices has disadvantages. Due to the strong inhomo-
geneties of the magnetic field, which are caused by their geometry, one
typical feature of the NMR, the chemical shift, cannot be determined.
Furthermore, the transverse relaxation might be influenced by molec-
ular self-diffusion [14,55]. However, Bliimich et al. [55] explains how
this drawback of diffusion effects may be used to determine constants
of molecular self-diffusion.

Nowadays in the field of non-destructive testing in civil engineer-
ing, the possibility of investigating fluid transport processes over time,
with high signal-to-noise ratios and in 3D, is of high significance. To
better describe fast relaxation regimes (e.g. in small pores), the time
window between the excitation and signal recording (echo time) must
be shortened. As an example, Oligschléger et al. [53] constructed and
presented the micro-MOUSE enabling short echo times in the range of
10 ps. With reference to the first borehole NMR tools, Oligschlédger et al.
[53] also presented a miniaturized inside-out NMR sensor (DIP stick) for
moisture monitoring in any kind of construction material. The DIP stick
has a minimal echo time of 80 us and a measurement depth of 5 mm
(distance from the magnet surface).

Besides single-sided devices, low-resolution devices as the GeoSpec
(Oxford Instruments) [62] and the 2 MHz Rock Core Analyzer (Magritek
Ltd) [63], which fulfill the requirements of having short echo times and
a more homogeneous magnetic field, are tailored to measure drill cores.
To meet additional demands on new low-field NMR devices that enable
e.g. slice-selective measurements in 1D, 2D and respectively 3D imaging,
the company Pure Devices GmbH just recently constructed a core analyz-
ing tomograph (8.97 MHz). This new device is presented in Fig. 3. It is
applicable to drill cores with a maximum diameter of 72 mm (max. di-
ameter for 3D is 42 mm). A positioning system enables measurements of
long cores (more than 1 m) with a vertical resolution of 2 mm. The max-
imum resolution for 3D imaging is a voxel with 1 mm edge length [64].

4. Application tasks and examples

The NMR method represents a highly advanced tool for non-
destructive testing in the field of civil engineering. For the determina-
tion of moisture contents or pore space analysis, NMR has already been
applied to a high number of building materials. In the following, we
give an overview about several application examples. The information
is sorted by the examination material and evaluation focus (Section 2.2).
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Fig. 3. NMR core analyzing tomograph with
measuring station at BAM, Berlin; constructed
by Pure Devices GmbH. Sourcee: BAM.

4.1. Detection and monitoring of moisture distributions

One main aspect of NMR measurements is the evaluation of the sig-
nal intensity (magnetization’s amplitude) that is directly proportional
to the hydrogen amount [25]. For this reason, the detection of the first
possible signal echos is sufficient to determine the moisture content. Fur-
thermore, relaxation-time distributions (as the result from the numerical
inversion) may be used to describe and analyze moisture distributions
and their dynamics. In fact, several studies exist, where moisture profiles
were measured over time and sample depth, and/ or even relaxation-
time distributions and their temporal development are observed.

As an example, NMR is useful to investigate the capillary absorption
and dynamics of internal water content distributions [15,65]. In Gum-
merson et al. [65], they applied a 0.7 T NMR device to monitor the water
distribution in Portland limestone, cement and in plaster bars that were
sealed with an epoxy coating. To obtain a full depth profile, the authors
moved the specimen step by step through the magnetically defined sen-
sitive volume. Moisture profiles in plaster specimen and plaster-brick
systems during drying processes were recorded by Nunes et al. [15].
Their object of investigation was the reduction of the water absorption
coefficient by adding linseed oil as a water-repellent admixture. In par-
ticular, the use of a 0.8 T device enabled the detection of the interface
between plaster and brick (sensitive slices with less than 2 mm thick-
ness).

An example for the the study of drying processes within gypsum is
given in Colinart and Glouannec [60]. The authors investigated gypsum
samples with different moisture contents during drying for an in-situ
study of moisture transport. For evaluation, they converted the tempo-
ral amplitude development into the related moisture contents and de-
duced the T, relaxation-time distributions from numerical inversions.
Indeed, the results confirmed older observations of gypsum having two
dominate T, times. However, during drying the shorter relaxation time
remained constant while the larger time decreased [60].

A different use of NMR for industrial purpose is shown in Fleury
et al. [66]. The authors used the inside-out diffusion technique to es-
timate the diffusion coefficient of industrial cement and concrete. In
detail, they monitored the hydrogen exchange of a fully saturated sam-
ple stored in deuterium. Due to its applicability to smaller samples, this
technique saves a lot of time compared to the conventional tracer test
methods.
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Stelzner et al. [67] presented another alternative NMR application
that is of high significance for civil engineering. High-performance con-
crete produced with and without polypropylene fibres (PP-fibres) was
studied before and after heating up to 300 °C. The aim of the investi-
gation was to better understand the thermo-hydraulic processes leading
to explosive spalling during fire. Therefore, with use of the 2 MHz Rock
Core Analyzer (see Section 3), they measured the moisture content over
the entire sample depth. Finally, they calculated the 7, time distribu-
tions by numerical inversion. Since the magnetic gradient strength was
too low to set the slice thickness of the sensitive volume to less than
2 cm when using the CPMG pulse sequence, they used a high spatial
resolution approach for 7, measurements [68]. This approach is based
on multiple measurements with overlapping sensitive volumes which
are jointly inverted. For further evaluation, the authors assumed a cut-
off time (75) of 0.26 ms to distinguish between water from gel pores and
interhydrate or larger pores [67]. As a result, they observed significant
differences in moisture distributions before and after heating. Especially
for samples including PP-fibres, the speed of the drying front appeared
to be higher. Moreover, a reconfiguration of the moisture from gel pores
to larger pores was indicated through the NMR results.

An exemplary result of an unilaterally-heated concrete sample is pre-
sented in Fig. 4. To analyze the redistribution of water within the con-
crete due to heating, the sample was measured before and dafter heating
by use of the NMR tomograph at BAM. A full depth profile was achieved
by slice-selective measurements with a slice thickness of 2 mm. The echo
time was set to 70 ps. The result shows a displacement of the water front
away from the heating source to the lower half within the sample. More-
over, a shift to larger relaxation times is recognizable.

Applications to wood are described in the works of Gezici-Koc¢ et al.
[69] and Casieri et al. [70]. To analyze the water content in three dif-
ferent kinds of wood (chestnut, walnut and sessile oak), Casieri et al.
[70] used the single-sided device EUREKA-MOUSE10 (18 MHz) pro-
duced by the Bruker Biospin office in Italy. The authors saturated their
samples by storing them in environments having different relative hu-
midities which were regulated by saturated saline solutions. For the
gravimetric-like determination of the water content, normally the dry
mass is needed. However, since the determination of the dry mass is not
possible for larger objects or for valuable cultural heritage objects, they
analyzed the water content by using the porosity index Ip. The poros-
ity index describes the amount of water within the NMR sensitive vol-
ume and requires calibration. As a result, the authors found out that the
difference in the water content determination between the gravimetric
and the NMR volume fraction method depends on a factor that is re-
lated to the density of macromolecules in wood. Moreover, the authors
demonstrated the potential of single-sided NMR by presenting results of
measurements at a large wooden table.

Gezici-Kog et al. [69] studied pine sapwood, oak and teak by apply-
ing 1D NMR to quantify and visualize bonded and free-water distribu-

Before heating After heating
0
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Fig. 4. Experimental set-up of an unilaterally-
heated concrete sample and NMR relaxation-
time distribution over the sample height before
and after heating. Source: Figure adapted from
[71].
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tions during water uptake and drying. Therefore, they saturated twelve
samples per wood type in the same way as Casieri et al. [70] (equilibra-
tion above saturated saline solutions). One main result observed during
uptake is that free water is only detectable after the filling of the cell
walls. In contrast, they recorded a loss of bonded water during drying
and after the vanishing of free water. Finally, the authors presented two
conceptual models about diffusion (parallel and series diffusion) and
found good agreement between the measured data and the so-called se-
ries diffusion model.

In the works of [69,70], they describe the same main IH regimes in
wood. These are the water in the cell wall, water within the lumen and
water pertaining to the cellulose. Their ranges of T, relaxation times
are given in Table 1. Moreover, to better distinguish the NMR signal
fractions in wood, Gezici-Kog et al. [69] presented the following three
possible cases of moisture distribution in wood:

1. tightly-bonded water at the cell wall (short relaxation times);

2. clusters of bonded water having an increased mobility (but no sig-
nificant difference in 7, time compared to case 1);

3. water within the lumen (results in large T, relaxation time).

Observations related to hydration processes

Besides natural stones and organic materials (e.g. woods), a big share
of building materials are mineralogical composite materials such as con-
crete, mortar, gypsum, etc. Therefore, hydration processes play an im-
portant role in these materials so that changes in hydrogen distribution,
the pore system and other material properties have to be considered. Hy-
dration processes are complex and still not fully understood, thus many
NMR monitoring applications in the laboratory focus on these processes.

A brief overview regarding the use of NMR for the analysis of hy-
dration processes is already given in the review of Ojo and Mohr [72].
The authors point out how NMR relaxometry is useful especially for the
investigation of early age cement hydration and internal curing. They
explain how relative intensities and fractions of mobile and immobile
water can be measured and distinguished. Furthermore, they also give
insight into the influence of chemical admixtures on the cement hy-
dration kinetics and the pore structure in early stages [72]. Another
summary and collection of hydrogen applications especially in concrete
research can be found in [11,12]. Although both sources only review
possibilities of NMR spectroscopy, their work include various examples
on how to study the degree of hydration and different states of water in
fresh concrete samples.

Besides the great number of applications to cement paste and con-
crete, a few studies also focus on floor screed (floor finish of a max-
imum aggregate size of 8 mm). Edelmann et al. [37] for example in-
vestigated the moisture content in screed during the hydration process
using a 22 MHz system and the NMR-MOUSE. Since too short relaxation
times (not measurable within the instrumental dead time) and too low
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Table 1

Journal of Magnetic Resonance Open 6-7 (2021) 100012

T, and T, relaxation times of cement and hydration components.

Material/ Component T, time [ms] T, time [us] References (7,/T,)
white cement

paste 100 5000 [10]

1 d after hydration <10 < 1000 [10]

cement stone (dried) 10 75 [82]

ordinary Portland cement

paste 20 < 1000 [10]

1 d after hydration <10 100 [10]

screed (fully saturated) 5000-10000 [73]

gypsum 400 [82]

CH phase 150, 600 20-100 [11,82]/[77,82]
C-S-H

interlayer water 20-150, 185, 500 [77,78,82,85]
gel 0.3 [11]

alite (shortest peak after 7 d of hydration) 2.5 500 [82]

ettringite 10 10-15, 75 [82]/[77,78,82]
water

strongly bonded (solidlike) 9-20 [72,74,81,85,86]
clay-bonded < 3000 [40]

within gel pores 6 80-120, 300-555 [11]]/[72,76,78,85]
evaporable mobil 40-1000 [74,86]
capillary (free) 350, 500-2-10°, 40-10°  [72,76,85]
wood

water in macromolecules 10-100 [70]

cell wall water 100-1000 [70]

water in lumen 10000-100000 [70]

signal-to-noise ratios complicate the quantitative determination of the
moisture content, the aim of this work was the definition of a reliable
correlation function between the NMR signal and the moisture content
in building materials.

Also using the NMR-MOUSE, Nagel et al. [73] measured the NMR
signal of already hydrated screed samples at partial and full saturation.
As a result, they discussed the changes in relaxation-time distributions
at different saturation states and observed a significant shift to lower
relaxation times at partial saturation. With reference to the following
section, the authors also converted the relaxation times at partial satu-
ration state to PSDs. For this purpose, the same surface relaxivity as de-
termined at full saturation state was chosen. Furthermore, the authors
investigated various diffusion effects due to field inhomogeneities of the
NMR device. The observed diffusion effects occurred in synthetic mate-
rials (borosilicate plates and biobased plastic) having large pores with
sizes from 1 pm up to 2.5 mm. For clarification of these diffusion effects,
they did comparative measurements with the 2 MHz Rock Core Analyzer
from Magritek Ltd. Both used NMR devices are presented in Figure 5.

As already written above, numerous NMR measurements in materials
research and civil engineering has already been carried out on cement
paste and concrete. Since all hydrogen protons within cement paste or
concrete are part of the added water, NMR is a helpful tool to quantify

Fig. 5. Two NMR benchtop devices: NMR-
MOUSE with screed sample at BAM. Source:
Sabine Kruschwitz, BAM) (a) and the
2 MHz Rock Core Analyzer at Leibniz Insti-
tute for Applied Geophysics (Source: Ludwig
Stelzner, BAM) (b).

different groups of hydrogen according to their bonding and location
within chemical structures [49]. In cement paste, which is described
as a time-evolving porous system by Gussoni et al. [74], the state of
hydrogen changes with the chemical and physical processes during hy-
dration. Therefore, several researchers already applied NMR to cement
pastes and concrete with focus on microstructures, dynamic processes,
the change of proton stages, the monitoring of single components and
others. The classical Portland and the white cement are often objects of
research [49,65,74-79]. However, the latter is more frequently investi-
gated, since it contains less paramagnetic impurities than the classical
grey Portland cement. As explained in [22,80], such paramagnetic im-
purities may lead to a shortening of the relaxation times, which conse-
quently may lead to a signal loss, when the resulting relaxation time is
shorter than the device-specific dead time.

As an example, Gummerson et al. [65] monitored the change of the
internal water distributions and their dynamics during capillary absorp-
tion in cement, but also in limestone and plaster. Investigations of the
long-term behavior of white cement paste mixed with organic solvents
were done by Gussoni et al. [74]. Moreover, they used NMR to mon-
itor the dynamic processes of pore formation and cement microstruc-
ture forming. Indeed, this includes a differentiation between solid-like
(chemically and physically bonded), liquid-like (trapped in pores) and
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free water. Related to Gussoni et al. [74], Bligh et al. [49] examined
the development of gel pores and interlayer water of calcium silicate
hydrates (C-S-H) during hydration. However, in this work the influence
of admixed retardants was an object of research as well.

Although the inside-out borehole principle is not fully counting as
a non-destructive method, it is still used in materials research. Using
the DIP stick (see Section 3), Oligschléger et al. [53] studied the curing
of cement paste samples from inside of small boreholes. The studied
samples had a different water content and contained additional amounts
of sand. With regard to the spin density and the 7, relaxation time,
the authors identified three curing stages. The first stage takes around
15 min and is mainly influenced by free liquid water. During the second
stage, which takes around 1-2 h, a slight change in T, time and spin
density is measurable. The third stage finally shows a large reduction of
the T, time and spin density.

A method how to distinguish between different hydrogen groups
(e.g. intra- and inter C-S-H gel pore water) in white cement paste using
a bench-top NMR spectrometer is presented by McDonald et al. [76]. To
determine the amount of water loss and the existing hydrogen bonds, the
authors analyzed the NMR signal as a function of the sample mass during
controlled drying. Therefore, they dried the samples in three stages to
remove successively the evaporable water from inter-C-S-H gel pores,
in the next step from intra-C-S-H sheets and, in a last step, the solid-
like water. Applying a single component exponential curve fitting, they
obtained the signal amplitudes of the bonded and mobile hydrogen frac-
tions [76]. The work of Jehng et al. [81] is another study related to dry-
ing processes, especially dealing with the monitoring of microstructures
during wet-dry and freeze-thaw cycles.

Schulte Holthausen and Raupach [82] used the NMR-MOUSE (PM5)
and an echo time of 30 us. They analyzed 2D T, /T, relaxation distribu-
tions to get a deeper insight into the NMR relaxation phenomena within
cementitious porous media. Moreover, they also studied the influence
of iron amounts on the relaxation process. Therefore, the authors in-
vestigated mixed cement stones (white and ordinary Portland cement)
and hydrated cement phases as synthetic alite, low-iron white aluminate
and synthetic ettringite. Powders of solid phases of commercial calcium
hydroxide, hydrotalcite and gypsum have been measured as well. As
a result, Schulte Holthausen and Raupach [82] found out that an in-
crease of iron fractions linearly decreases the relaxation times and that
the mineral brownmillerite can be used as an indicator for paramagen-
tic impurities. Moreover, they observed unique T, /T, ratios for single
minerals. Their measured relaxation times are listed in Table 1.

Applications of NMR to distinguish between hydrogen groups in dif-
ferent states during hydration of white and classical Portland cement
paste may also be found in [77-79]. They all resolved specific hydro-
gen fractions by analyzing the single component of the T, time dis-
tribution and the corresponding magnetization fractions. Nunes et al.
[79] thereby analyzed NMR signals in dependence on varying water-to-
cement ratios. In the work of Muller et al. [78], the authors registered
a short 7, time constant of 10 ps that is related to the mineral ettrin-
gite. Holly et al. [83] focuses only on one single hydration component
during the white Portland cement hydration. To monitor the formation
of the calcium aluminate phase to tricalcium aluminate through hydra-
tion, they used a home-built spectrometer (30 MHz). Indeed, this study
is an example for in-situ real-time proton NMR.

An example for the use of T} — T, and T, — T, correlation measure-
ments on white cement paste is given by [84]. In this work 2D correla-
tion methods have been applied to cement for the first time. In detail,
they measured Ketton white cement paste samples with and without
added silica fume over the first 14 days of hydration. As a main re-
sult, they observed an off-diagonal peak in the 7| — T, correlation map,
which they interpreted as proof for chemical exchange of hydrogen be-
tween gel pores and capillaries. Moreover, the silica fume seemed to
accelerate the hydration process. It disrupted the development of larger
pores and reduced the exchange of hydrogen between capillaries and
gel pores.
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Although they applied NMR diffusometry, additional insights about
challenges of NMR related to hydrating cement (especially fresh pastes)
with reference to the presence of volatile water are given by Nestle et al.
[10]. One aspect thereby is the typically shorter effective relaxation time
in fresh pastes resulting from magnetic field inhomogeneities within the
sample (susceptibility variations between grains and water)[10].

To conclude this section, we collated value ranges of T, and T,
times determined in several scientific works referred to in this review
(Table 1).

4.2. Pore space characterization and surface relaxivity determination

As in Section 2 explained, besides the NMR signal amplitude, the
relaxation-time distribution obtained by numerical inversion is the sec-
ond main objective of NMR measurements. Since NMR is sensitive to the
confinement of the fluid in the porous material, the method is applicable
to a wide range of materials for pore space analysis [14]. The motivation
of pore space characterization using NMR is based on the capability to
study effects of degradation, to determine adsorption properties as well
as to quantify pore space parameters (e.g. porosity, S/V ratio and PSD)
non-destructively [14,87]. According to Eq. (4), the surface relaxivity
p is required for calibration of the pore size-related 7, relaxation-time
distribution.

There are various studies using NMR for pore space characterization.
One of them is the work of Gajewicz et al. [85]. They monitored the tem-
poral evolution of porosity fractions according to 7, relaxation times in
white cement paste and in dependence of different drying and rewetting
cycles. Another example is given by Rifai et al. [23], where the pore size
of porous concrete was investigated in situ and under pressure. In de-
tail, they discussed the limits of applicability, determined the porosity
and calculated the PSD under the assumption of spherical pores. Further-
more, a comparison of PSDs obtained from X-Ray computer tomography
(CT) data was shown.

Examples according to pore space characterization of sandstones are
demonstrated by [13,87-90]. Kleinberg [88] analyzed the T, distribu-
tions of 48 sandstones and carbonates in dependence of the echo spacing
(variation of diffusion time scaling). In most cases, his results showed a
shift of magnetization to shorter times, but also a decrease of the aver-
age T, relaxation time with rising echo spacing. Moreover, a comparison
of T, and T, relaxation times yielded congruent distributions. This re-
flects the complexity of natural pore systems so that ’single relaxation
time models are not adequate to describe the full range of effects’, [88].
One important effect that the author described is called ’pore coupling’.
It describes the connectivity of the pores and therefore the effect of
molecules diffusing (or sampling) multiple connected pores before re-
laxing [88,91]. In this context, Grunewald and Knight [91] studied the
effect of pore coupling in the laboratory for silica gel samples that were
treated with varying amounts of iron. In their work, they demonstrated
how pore coupling decreases when the surface relaxivity is increased
(e.g. by higher amounts of magnetic impurities). Furthermore, the au-
thors explained that pore coupling may happen in well-connected pore
systems and that relaxation-times distribution therefore ’reflects a com-
plex averaging of the pore network’, [91]. In fact, this phenomenon may
lead to an underestimation of short relaxation times or rather micro
pores as shown in the results of Grunewald and Knight [91].

The use of NMR for PSD evaluation is discussed by Kruschwitz et al.
[13] and Zhang et al. [89]. In [89], a combination of u-CT, spectral in-
duced polarization (SIP) and MIP with NMR is applied to Bentheimer
and Rottbacher sandstone samples to enable a full scale description of
the pore systems. For correlation of the NMR data under the assump-
tion of the capillary tube model, coincidence with u-CT was striven for,
because both methods should provide pore body sizes. In contrast, the
methods MIP and SIP are assumed to characterize the pore throat sizes.
Moreover, the determination of p, showed dependencies on the specific
surface area and on contents of clay and iron-bearing minerals [89].
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The work of Kruschwitz et al. [13] presents a multi-methodological
approach to assess complex pore spaces by also combining NMR, SIP,
MIP and p-CT. Therefore, the authors extended the approach of [89] and
investigated 9 different sandstone types, which they classified into 3
groups of SIP relaxation behavior. For the comparison of NMR data with
PSDs (or partly pore-throat distributions), the surface relaxivity was gen-
erally chosen in a way that wider pore sizes within the T, distribution
are congruent with the PSD from p-CT. Their work provides a deep in-
sight into the multi-methodological description of complex pore spaces
with focus on distinguishing narrow and wide pore areas. Moreover,
they also discussed the resolution limits and the method’s sensitivities
to pore throats and pore bodies. Finally, one main finding was the de-
pendence of the SIP behavior on the pore-body-to-pore-throat ratio.

In the context of the conversion of NMR data to pore sizes, Borgia
et al. [90] already studied the correlation of surface-to-volume measure-
ments and relaxation data (different T; relaxation parameters) for sam-
ples with wide PSDs. They measured 77 sandstones of different origin us-
ing a 20 MHz NMR system [90]. Gas adsorption according to Brunauer,
Emmett and Teller (BET) and MIP were their reference methods. As a
result, the authors summed up that NMR does not enable an accurate
estimation of the S/V ratios due to wide spreads of p in natural stones.
They concluded that a surface relaxivity determination in correlation
with MIP data results in a value three times larger compared to using
gas adsorption.

In contrast to the work of [90], Hiirlimann et al. [87] showed an
approach to overcome the shortcoming of the surface relaxivity deter-
mination from NMR data. Since it is impossible to determine the surface
relaxivity only by use of relaxation measurements, the authors combined
diffusion and relaxation measurements. Therefore, they first extracted
the S/V ratio from NMR measurements of restricted diffusion. Subse-
quently, they were able to obtain the surface relaxivity from 7, mea-
surements. Their object of investigation was a core of Fontainebleau
sandstone which was saturated with brine.

Further small deviations of the determined mean pore radius be-
tween NMR data and MIP might be caused by the pore surface roughness
but also by other parameters such as the pore interconnections and the
mercury contact angle [92]. In their study, Gallegos and Smith [92] fo-
cused on the method of regularization and calculation of the optimum
relaxation smoothing parameter to obtain continuous PSDs from gener-
ated 7, data sets with varying noise levels. Moreover, they also applied
the method to porous solids (e.g. glasses) and proved the agreement
with PSDs obtained from MIP measurements.

For the surface relaxivity determination, Kleinberg [40] and Liu et al.
[32] presented alternative ways for estimating p values in sand- and
limestones. For 28 sandstone samples, a calibration of NMR data was
done using not only MIP curves, but also water capillary pressure curves
[40]. According to the previous explained method’s sensitivities, the au-
thor explains that the match of MIP and NMR is not universal except
there is a fixed multiplicative relationship between pore body and pore
throat sizes or even no distinction. It seems as if that there is such a rela-
tion for sandstones. Kleinberg [40] determined a surface relaxivity that
corresponds with values found in numerous studies. He mainly found
out that clay-bonded water has a distinct 7, time component shorter
than 3 ms. The author concluded that the clay-bonded water is not cou-
pled to the hydraulically-active pore water. Due to the high surface area
of clay, surface area measurements (e.g. gas adsorption) depending on
their resolution may be significantly influenced by this fact.

Another method of p determination without consideration of pore
surface measurements is based on the normally undesired diffusion ef-
fects that are caused by internal magnetic fields [32]. By extension of
the phase encoding period (elongation of the echo time ¢,), Liu et al.
[32] detected high eigenmodes of the diffusion equation relying on in-
ternal field gradients and determined the pore lengths within a sand-
and limestone sample. This experiment was carried out with two NMR
systems: Magritek’s 2 MHz Rock Core Analyzer and a prototype 64 MHz
NMR Imaging System from Cryogenic Ltd. Finally, the surface relaxivi-
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Table 2

List of surface relaxivity values p, of building materials and single hydration

components.
Material or hydration component Surface relaxivity p, [um/s] References
C-S-H
gel 5.51 [93]
interlayer water 0.9 [82]
ettringite 39-44 [93]
gypsum 6.2 [93]
white Portland cement (dried) 3.73 [82]
cement asphalt mortar 40 [94]
floor screed 50 [73]
carbonate
limestone 12-15 [32]
carbonate rich rocks 0.06-4.33 [30]
Edwards Brown carbonate 100 [95]
Lueders carbonate 45 [95]
Indiana carbonate 70 [95]
Silurian dolomite 25 [95]
sandstone
unspecific 0.92-7.1, 3, 25 - 30 [32,40,90]
Bentheimer 54, 65 [13,89]
Cottaer 100 [13]
Fontainebleau 16 [87]
Langenauer 40 [13]
Obersulzbacher 60 [13]
Rottbacher 105, 237 [13,89]
Santa Fiora 150 [13]
Schleeriether 200 [13]
Skala 40 [13]
Udelfanger 52 [13]

ties were determined by a 2D correlation function displayed ina D — T,
map (with D as the pore diameter). As a result, the authors observed
different pore regimes with heterogeneous surface properties within the
sandstone sample. Consequently and in contrast to the previously pre-
sented works, Liu et al. [32] assumed variations of the surface relaxivity
depending on pore sizes within the pore system. For pore sizes in a range
of 10 um to 70 um, p was estimated to be around 30 um/s. However,
for pores with a size less than 10 pm, the authors observed increasing
p values [32]. For the limestone sample having a more homogeneous
pore system, the correlation showed a linear relationship of D and T;
one effective p for the whole sample was estimated to be 15 pm/s.

As the examples above show, the determination of p is one of the
main objectives when analyzing pore systems with NMR. Within this
scope, the studies of Dalas et al. [93] and Schulte Holthausen and Rau-
pach [82] are both fundamental works for surface relaxivity determina-
tion of cement hydrates (e.g. ettringite and C-S-H) and dried white Port-
land cement. While [93] thereby used BET results as reference, [82] de-
termined p by assuming a water layer thickness with the size of 0.28 nm
(mono-layer) on the pore’s outer circumference.

To conclude this section, we summed up all discussed surface relaxiv-
ity values in Table 2. This also includes results from screed, sandstones,
etc. with values ranging from 0.06 um/s (carbonate rich rocks) up to
237 um/s (Rottbacher sandstone). A list of longitudinal surface relaxiv-
ity values p, of e.g. glass beads and silica gel can be found in Kleinberg
[40].

4.3. (Perspective) on-site applications and investigations on cultural
heritage

Although NMR is mainly described as a powerful tool for non-
destructive testing, it is mostly still limited to the use in laboratories
[96]. Nevertheless, a few examples exist, where single-sided NMR was
already applied on site or rather used in laboratory with a more pur-
poseful concept for field applications [14,15,61,96-98]. On site, NMR
enables controlling of quality assessment of building materials (e.g.
sprayed polymer concrete), investigations of degradation processes in
infrastructure objects, state of conservation of cultural heritage, etc.
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Regarding cultural heritage, an overview about possible NMR in-
vestigations is given in the reviews of Capitani et al. [17], Rehorn and
Bliimich [24], Bliimich et al. [51]. Typical issues to be studied within
this scope are the following: moisture ingress/ distribution, analysis
of painting layer structures (thin-layer stratigraphy), effect of consol-
idation treatments on hydrophobic efficiency, moisture exchange af-
ter cleansing treatment, salt transport, porosity changes due to stone
strengthener or evaluation of the state of degradation/ aging or gener-
ally the characterization of PSD. Besides applications of high-resolution
NMR spectroscopy and MRI, the authors refer to numerous studies
that applied NMR relaxometry by use of the Halbach core-scanner and
portable unilateral NMR instruments. The measured objects actually
vary from easel paintings, frescoes, wooden objects even to mummies
[17,24]. To give more detailed examples, Rehorn and Bliimich [24] ex-
plain that for the cases of easel paintings, the measurable hydrogen pro-
tons may be found in the paint binders as well as in the cleaning solvents.
Stone strengthener are often used to repair weathered stones by increas-
ing the hydrophobic behavior, but still maintain water vapor transport.

Sharma et al. [97] investigated a wet antique fresco, brick samples
from a wall of ancient rome as well as sandstone samples that have been
treated with stone strengtheners. Besides the non-destructive analysis of
pore sizes and water distributions, the possibility of absolute contact-less
measurements (here a distance of 1 mm to the fresco) is of great ad-
vantage when dealing with buildings and artifacts of high sociocultural
value [7,97,99]. As a result, Sharma et al. [97] proved that even in the
case of ferromagnetic contaminations, measurements with single-sided
devices may be feasible.

The pore space of microporous porcelain samples was for exam-
ple analyzed by Casieri et al. [14]. The author used the SPINMAS-
TER (20 MHz) and for larger samples the single-sided device EUREKA-
MOUSE10 (19.8 MHz). Due to the use of a single-sided devices, they
also considered the drawbacks of inhomogeneous fields (self-diffusion
effects). To compensate the self-diffusion effects, they used the constant-
echo-method [14].

Further issues represent conservation and consolidation treatments
of cultural heritages, as they are widely used to prevent deterioration of
artifacts and reduce the wettability of rocks. As shown in the work of
Brizi et al. [16], NMR is also a powerful tool to study changes in petro-
physical properties before and after treatment with consolidants, but
also to localize the consolidation agent. Therefore, the authors combined
three different NMR devices (split-coil scanner from Agilent Technologies,
the NMR-MOUSE and the Halbach magnet from Magritek Ltd) and com-
pared the obtained proton density profiles with their results from 2D
T, — T, relaxation exchange experiments and the imaging. They inves-
tigated two commercial consolidants and a newly formulated mixture
with the aim of evaluating the efficiency of consolidation treatments.
They mainly focused on the hydrophobic properties, penetration depth
and pore connectivity. As a result, they observed a homogeneous and
uniform penetration of the treatment without significant changes of the
pore connectivity.

Another example regarding conservation treatment is given by
Oligschlédger et al. [99]. They applied NMR on fresco paintings in the
Herculaneum (Italy) and wall-painting samples for comparison in the
laboratory. The aim was to investigate moisture transport processes (es-
pecially the estimation of diffusion coefficients) caused by environmen-
tal influences as e.g. salt accumulation and conservation treatment. This
knowledge is important for setting up appropriate conservation and
restoration plans. The authors observed a trend of moisture transport
reduction (lower self-diffusion coefficients) with increasing salt concen-
tration after conservation treatment. Moreover, the findings could be
verified in the laboratory [99].

An exemplary use of the NMR-MOUSE is presented in the work of
Weise et al. [61]. In their study, they investigated the degradation pro-
cess alcali-silica reaction (ASR) at concrete roadways. Since the first
phase of the degradation process is characterized by a dark dyeing of
the edge regions of the roadway, they assumed moisture penetration to
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be the main cause for the dark dyeing. With ground penetration radar,
the moisture ingress is first detected in large-scale and laterally. In the
second step, NMR is applied on selected areas to obtain a depth-resolved
moisture profile. The results showed high moisture contents in the joint
areas and therefore confirmed the author’s hypothesis [61]. For valida-
tion, the darr drying method was applied to additionally taken drill dust
samples.

As the laboratory studies of [18,100] deal with coating systems as
protection against aggressive substances and chemical attacks on infras-
tructural constructions made of concrete as well with the influence of
steel reinforcement on NMR measurements, we also summed up these
works in this section. Such coating systems, as investigated in this study,
mainly consist of individual layers of polymers and therefore have indi-
vidual amounts of measurable hydrogen protons [18]. As concrete con-
structions also mostly contain steel reinforcements, in both studies the
NMR-MOUSE (PM5) was applied to determine the layer thickness of
specially designed testing samples that include a set-up of various steel
reinforcement configurations. Their main findings are:

1. The existence of steel leads to a shift of the measured profile and to
an increase of the measured NMR amplitude.

2. The layer thickness determined with NMR proofed to be independent
of steel reinforcements.

Moreover, Orlowsky [18] sums up different parameters (e.g. con-
crete cover, amount of steel, steel bar orientation) and their influence on
the layer thickness measurement by NMR. Additionally to their measure-
ments with the specifically designed testing specimen, they also showed
a result of multilayer concrete coatings.

5. Difficulties and discrepancies of correlation of NMR data

In addition to the previously described NMR applications for pore
space characterization, a few studies also give insights into related mea-
surement difficulties and influences. Problems that might occur are sig-
nal loss and shortening of relaxation times caused by spatially varying
internal gradients due to differences in the magnetic susceptibilities of
the pore surface and the pore-filling fluid when exposed to a homo-
geneous external magnetic field [21,47]. Furthermore, iron oxides e.g.
magnetite (especially in rocks and sands) may lead to such effects as well
[80]. As studied by Keating and Knight [80], amounts of iron oxides in
synthesized quartz sand samples may lead to an increase of the T, relax-
ation rate. Magnetite, for instance, can cause internal gradients which
lead to diffusion effects that influence the relaxation rates. Sharma et al.
[97] also briefly refers to the influence of magnetic impurities. However,
in the cases of magnetic impurities, they observed a better agreement
between NMR and MIP data, when an inhomogeneous field is used. In
their opinion, ’a few large particles are less likely to be encountered in
the thin sensitive volume [...] of a strong field gradient than in the ho-
mogeneous field [...], where signal is collected from the entire sample.’,
[97].

A study about the effect of mineralogy on the surface relaxivity with
special regard to the amounts of ferro- and paramagnetic elements may
be found in the work of Saidian and Prasad [30]. The authors measured
carbonate-rich rock samples from Midden Bakken and Three Forks for-
mations using various methods besides NMR. This included MIP, gas
adsorption, bulk magnetic susceptibility, water immersion, etc. A main
finding is that the assumption of a constant surface relaxivity for rocks
is not accurate and the paramagnetic mineral content must be consid-
ered. In addition, the authors found a linear correlation between the
surface relaxivity and the content of the mineral illite. This mineral
thereby dominates the surface relaxation stronger than chlorite and
pyrite, which contain high amounts of iron.

To the knowledge of Saidian and Prasad [30], one main problem
of surface relaxivity estimation is the correlation of measurement tech-
niques that are based on different mechanics and physics. An example
for a deviating porosity determination is given in the work of Wang et al.
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[94]. They determined the porosity of cement asphalt mortars by NMR
and MIP and compared the obtained values. As a result, especially for
the range of 1 nm to 100 nm, NMR led to a 1-2 % higher porosity than
MIP. For a possible explanation, the author gave the following reasons:

1. The high pressure needed to intrude the mercury might destroy the
pore wall and therefore causes a lower porosity in the range of
smaller pores.

2. The vacuum-drying of the MIP samples can lead to shrinkage and
thus causes cracks at larger pore sizes.

3. The size of the smallest measurable pores for MIP depends on the
contact angle of MIP and the maximum applicable pressure.

In addition to that fact, Kleinberg [40] already emphasized that the
match between especially MIP and NMR is not universal. This is due to
the effect that MIP is more sensitive to pore throats while NMR normally
gives information about the pore body size [21,89]. In this context,
Wang et al. [94] states a pore size measuring range from 2 nm to 200 pm
for NMR.

One further discrepancy in the correlation of NMR data is the as-
sumption of a constant surface relaxivity for different pores within a
medium. As described in Saidian and Prasad [30], theoretically p varies
for different pores. However, the measurement of p in single pores is
practically not measurable. As also explained by Hupfer [95], the of-
ten made assumption of a constant surface relaxivity for one sample
or material is not realistic. Therefore, Benavides et al. [31] presented
an inversion algorithm to solve surface relaxivity estimation as a func-
tion of the 7, relaxation-time distribution. In this way, for one sample
a whole distribution of surface relaxivity values is determinable. The
authors used p-CT images as additional data.

Self-diffusion effects in inhomogeneous magnetic fields as well as the
pore model choice for correlation and interpretation of NMR data are
the more general difficulties when using NMR for pore space charac-
terization [14,29]. In this context, Mohnke et al. [29] and Tuller et al.
[101] introduced a pore model with a triangular cross section that is
able to maintain residual water at partial saturation. Furthermore, the
shape and size of such pore geometry has a stronger influence on the wa-
ter distribution and therefore the NMR amplitude than the cylindrical
capillaries have [29]. Bird et al. [102] also proved inconsistency with
the commonly applied parallel-capillary tube model. The authors inves-
tigated water-filled pores within glass beads, soils and sands at different
matric potentials. Eventually, the work of [102] shows that NMR is an
appropriate tool for the validation of pore scale models and gives an ex-
ample for the determination of PSDs from 7| measurements. In detail,
they applied the strayfield NMR method which is based on a static mag-
netic fringe field with a high gradient strength (12 Tm~"). This in turn
enables slice-selective measurements and the realization of short echo
times [103].

An approach to overcome or analyze the above described difficulties
(e.g. internal gradients, surface relaxivity and pore geometry estima-
tion) represents the 2D Laplace NMR method, which is classified as an
advanced level of NMR measurements in Bliimich et al. [22]. For exam-
ple, a T, — T, correlation map is useful to evaluate the heterogeneity of
surface relaxivity and effects of local gradients in dependence of pore
sizes. T, — T, exchange maps are helpful to study the exchange rate of
protons between different relaxation centers and therefore give infor-
mation on diffusion distances and the pore geometry.

Regarding partial saturation and the validation of pore models, the
authors of this review paper currently develop an approach to distin-
guish between water vapour and liquid phase in partly saturated pores.
For this purpose, we use NMR relaxometry and calculate water film
thicknesses based on relative humidities and an assumed pore model.

6. Summary and outlook

This state-of-the-art article is intended to give the reader an exten-
sive overview over the application fields of NMR relaxometry and its
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role for materials research and especially non-destructive testing at the
present state. In this context, we gave a short introduction into the the-
oretical background of NMR measurements and information regarding
the evaluation of NMR data. With this article we also provided detailed
lists of relaxation times (7, T,) and surface relaxivities (p,) for a number
of relevant building materials and components.

The main achievement of this review paper is the extensive compi-
lation of NMR relaxometry applications on building materials that were
summed up and thematically sorted. Our focus was set on cement, con-
crete, screed, but also natural stones, wood, etc. As shown in the paper,
by analyzing the NMR amplitude, the water content can be precisely
determined, different layers of materials in composites identified and
admixture influences on the water repellency investigated. The addi-
tional interpretation of the relaxation-time distribution even enables to
distinguish between different hydrogen bondings and provides informa-
tion about the pore system. Various studies pointed out the importance
to differentiate between solid-like, liquid-like and free water in hydrat-
ing porous systems. Moreover, some examples showed how monitoring
of the pore structure development and of dynamic moisture processes
are possible by the use of NMR.

For a more detailed pore space characterization, NMR enables the
determination of porosity, pore sizes and estimation of the pore sur-
face mineralogy [23,70,85]. In this scope, various authors concluded
that NMR is often sensitive to pore body sizes and its use may result
in deviant porosity values and PSDs compared to MIP or other meth-
ods [13,40,89,94]. However, NMR measurements allow larger sam-
ple sizes and also provide information of composition and magnetic
impurities due to possible occurring diffusion effects and the result-
ing surface relaxivity [30,91]. We also presented studies that proved
how both, T; and 7, time distributions, can be used to obtain PSDs
[88].

Few examples of on-site applications illustrated the advantages of
NMR as a non-destructive tool for the investigation of historical and
cultural artifacts, but also for condition assessment of concrete road-
ways. Within the scope of cultural heritage, especially the investigation
of stone conservation treatments with regard to the penetration unifor-
mity and hydrophobic behavior, the characterization of layer stratigra-
phy in paintings etc. are of high importance [16,17,24]. As examples for
perspective on-site applications, we also referred to works on concrete
coating systems and studies on the influence of steel reinforcements on
single-sided NMR measurements [18,100].

Besides the descriptions of the advantages and broad application
fields of low-field NMR relaxometry with focus on porous building mate-
rials, we also gave an insight into the technical development of single-
sided and core-analyzing devices. Since the equipment is still expen-
sive, most portable sensors are heavy and they enable only a penetration
depth of a few millimeters, further development is needed to improve
the capability for in-situ NMR measurements [53,94]. As explained in
the works of Oligschléger et al. [53] and Schulte Holthausen and Rau-
pach [96], NMR devices will become more and more tailored for specific
applications. Therefore, their application will be faster, more flexible
and efficient.

In our opinion, the analysis of drill cores is highly relevant for the
applicability of NMR in civil engineering. Therefore, we presented a
new low-field tomograph for drill core analysis [64]. This new NMR
tomograph with its advanced technical possibilities finally allows high-
resolution 2D and 3D imaging. Due to its positioning system and the
opening on both sides of the coil, measurements of large-scale cores up
to ca. 1 meter length are possible.

As an outlook, the authors of this review article are planing to use
this new NMR tomograph at BAM to effectively study fluid transport
mechanism and do further pore space characterizations. More precisely,
the imaging of the capillary suction behavior in sandstones as well as the
pore system from older and damaged building constructions are objects
of investigation. Moreover, a focus will lay in the analysis of NMR signa-
tures at partial saturation. Therefore, especially the short echo time of
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50 ps shall enable new insights into nanometer sized pores in building
materials.

Further future application fields of NMR considering concrete and
polymer mortar are presented in the works of Schulte Holthausen and
Weichold [98], van der Heijden et al. [104] as well as of Schulte
Holthausen and Raupach [96]. As an example, NMR may be applied
to monitor porosity changes in concrete after heat exposure. Further
topics of investigations presented by Schulte Holthausen and Raupach
[96] were the applicability of single-sided NMR for quality assessment
of polymeric mortar and the determination of polymer’s swelling. As the
results showed a shift of T, times with increasing degree of hardening
of the epoxy resins and a linear correlation between the NMR amplitude
and the binder content, NMR may be also used to investigate the curing
behavior of epoxy resins and to determine the binder content.

Furthermore, NMR is useful to resolve protecting layers against sul-
furic acid as well as for quality assessment of a new technology for sur-
face coating concrete [96,98]. For surface protection, layers of glass are
applied by flame-spraying onto the concrete surface [98]. However, the
process of flame-spraying may induce damages within the concrete. Us-
ing NMR, induced cracks may be observed which increase capillary and
void porosity. In addition, due to the evaporation of physically bonded
water, a decrease of gel porosity may be detectable as well [98].

Another prospective application field of NMR is fire spalling of con-
crete. As shown in [67,104], NMR enables the analysis of moisture trans-
port in unilaterally-heated concrete. Within this scope, van der Heijden
et al. [104] presented the first experimental proof for the build up of a
moisture clog and the formation of a saturated layer by means of NMR.

As a final remark, we additionally would like to refer to the review
paper of Song [7] and the outlook given in Johns et al. [52], in which
the authors discussed various issues concerning theoretical aspects, in-
strumentation and further applications.
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