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There is an increasing interest in the use of earth-based building materials to improve the environmental foot-
print of our built environment. One of the crucial features currently limiting its use is the inferior resistance of
the clay binder to water absorption and erosion. Furthermore, there is a lack of meaningful quantitative mea-
surement methods for characterising earthen material as building material.

Here, we study the water absorption into earth-based materials with 'H single-sided nuclear magnetic reso-
nance. Samples are prepared using an elaborate extrusion process and preconditioned under several typical
moisture conditions. We demonstrate the use of the 'H NMR technique to visualize the water absorption and to
quantify the capillary water absorption. The latter increases with a more water-reducing preconditioning.

Furthermore, the technique allows for the visualisation of the internal swelling of the clay binder, illustrating the
strong influence of sample preconditioning.

1. Introduction

1.9 tons per capita — this quantity of construction and demolition
waste was generated in the European Union in 2022 (eurostat, 2022).
There are continuous efforts to reduce these amounts of waste and
promote the reuse and recycling. One possibility is the use of
earth-based materials in construction. Besides other advantages, these
materials are readily available throughout Europe and can be easily
recycled without a heating process, resulting in a high recycling po-
tential (Calatan et al., 2017). This recycling potential is simultaneously a
disadvantage in terms of moisture behaviour. The compressive strength
of unstabilized earth materials decreases in correlation with higher
humidity. When exposed to direct weathering, the material loses its
cohesive properties and dissolves in water. These characteristics can be
summarized under the notion of replastification of earthen blocks and
building materials.

The speed and degree of replastification depend primarily on the clay
minerals present and secondarily on the pore structure of the earth
block. Clay minerals are phyllosilicates in a two or three-layer
arrangement of tetrahedral and octahedral sheets. Depending on the

charge density of the layers, some clay minerals adsorb water in their
interlayer space (Kumari et al., 2021). This adsorption of water mole-
cules leads to an increase in the interlayer space from 10, up to 20 A,
while maintaining their quasi-crystalline order. An increase above 20 A,
resulting from the accumulation of more water molecules, leads to the
separation of the clay layers with diffuse ion layers in between (Jasmund
and Lagaly, 1993).

For the described swelling to occur, free water must be available in
proximity to the clay particles. While free water in direct contact with
the surface leads to swelling of the clay minerals, it must be conducted
deeper into the earthen block through capillary pores to lead to swelling
in greater depths. The conveyance can be described using e.g. the model
of Rose (1965).

To address the issue of replastification, various constructive and
regulatory measures were implemented in the German construction
sector over the last years. One of those regulations concerns the base of
walls out of earth blocks. To prevent capillary suction in the event of
water damage, every wall made of earth blocks needs to be placed on a
base that rises 5 cm above the top edge of the floor. This base must be
made of hydraulically bound or fired material (DIN 18940: 2023-06).
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Another regulation relates to exposure to weathering. Earthen blocks
must be classified in one of three application classes (AK) by the
manufacturer, which determines whether the bricks can be used as
plastered exterior masonry exposed to weathering (AKIb) or interior
masonry (AKIII). To classify, the bricks must fulfil various criteria for
geometry and moisture behaviour, such as immersion tests, contact
tests, suction tests, and frost tests (DIN 18945: 2024-04). Except for the
immersion test, all other methods mentioned heavily rely on visual in-
spection of cracking and swelling deformation and thus are subjective
criteria. For a wider use of earthen materials, more quantitative methods
are essential.

To characterise the behaviour of earthen blocks at different humidity
levels and in direct contact with water, proton nuclear magnetic reso-
nance (lH NMR) measurements appear predestined. 'HNMR is a highly
effective technique for investigating the behaviour of water in porous
materials. This method leverages quantum-mechanical interactions be-
tween the nuclear spin of protons, that are abundant in water-saturated
building materials, and their interactions with surrounding solid sur-
faces. In this approach, hydrogen spins are initially aligned within a
constant magnetic field, causing them to precess at the so-called Larmor
frequency. By emitting electromagnetic pulses at this resonance fre-
quency, the spins are excited and rotated away from their equilibrium
orientation, enabling the detection of an electromagnetic response. In
inhomogeneous magnetic fields, variations in field strength lead to dif-
ferences in precession frequencies, resulting in rapid dephasing of the
spin ensemble and a consequent loss of signal. To counteract this effect,
the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence (Carr et al.,
1954; Meiboom et al., 1958) is employed. This sequence repeatedly
refocuses the spins, generating a series of spin echoes that can be
measured over time. Two key parameters can be independently
extracted from the CPMG signal. The initial signal amplitude corre-
sponds to the proton density, while the subsequent exponential decay,
characterised by the transverse relaxation time Tj, reflects proton
mobility. In the fast diffusion regime, as described by Brownstein and
Tarr (1979), a direct proportionality exists between the Ty relaxation
time and the characteristic size of the pores as:
1 fs fi S & 2
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Here, T, is the detected relaxation time, fy, and f; are the volume
fractions of water of the bulk of the pore and within direct proximity to
the pore wall surface, respectively, with its associated Ty relaxation
times. Surface relaxation is only effective in a very limited layer thick-
ness g, usually assumed to be only 0.28-0.5 nm, but shorter by several
orders of magnitude compared to bulk relaxation. Thus, the overall
detected relaxation is governed by surface relaxation and the bulk term
can be neglected for most cases. Consequently, the contributing relax-
ation components can be rewritten in terms of the inner pore surface Sp
and the total pore volume Vp. As g5 and Tyg are combined into the surface
relaxivity A, the pore diameter d can be directly related to the relaxation
time.

Past NMR studies on clays have described a multi-modal relaxation
response, gaining deeper insight into the complex hydrated porous
structure. Most studies describe a shortest relaxation component of well
below 0.1 ms being assigned to closely bound hydroxyls within the clay
interlayer structure (Fleury et al., 2013). Second, a very prominent
signal is detected with a relaxation time of between 0.2 ms in dried clay,
continuously extending to about 3 ms with increasing moisture content
(Eizaguirre et al., 2024). As shown by NMR cryo porosimetry (Fleury
et al., 2013), this signal not only comprises of interlayer water but in-
cludes water within larger interparticle spaces. Due to the high mobility
and fast exchange of water molecules, the relaxation components of
these two pore spaces merge and average out in the NMR equipment
employed with the overall relaxation time being mostly governed by the
faster component.
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Concerning the possible use of the conversion from relaxation time to
pore size based on the fast diffusion regime, there is on-going discussion,
how this applies to the range of relaxation times found in clay. Fleury
et al. (2013) found a good correlation between basal distance, and thus
water content, and smaller T, relaxation times that does not hold up for
larger basal distances and thus longer relaxation times. They suggested
that a closer relation between relaxation rate (inverse relaxation time)
and basal distance describes the data best. More recently, Eizaguirre
et al. (2024) suggested a two-regime process with individual contribu-
tions to the overall relaxation. The limiting water content between these
regions was found to be of 30 %.

In this study, single-sided proton nuclear magnetic resonance is used
on unstabilized earth-based building materials to gain deeper insights
into water binding and swelling behaviour. Based on these measure-
ments, important engineering properties are deduced, including water
content and capillary water absorption.

2. Materials and methods
2.1. Experimental design

To investigate the water absorption and stability of earth blocks,
three different samples are produced using a vacuum extruder. These
samples are dried and conditioned at various temperatures and relative
humidities (RH) according to the procedure shown in Fig. 1. The sample
nomenclature and dimensions are listed in Table 1. Besides the 'H nu-
clear magnetic resonance measurements on preconditioned samples and
a dissolution test of those, conventional testing methods are performed,
including water absorption, compression testing and mercury porosim-
etry. Additionally, to thoroughly characterise the material examined, a
thermogravimetric analysis is done, the loss of ignition is determined
and x-ray diffractometry is performed.

2.2. Earth-based materials used and sample production

2.2.1. Raw material characterisation

To characterise the earthen material used, loss of ignition and X-ray
diffraction analysis are performed, in addition to a thermogravimetric
analysis (TGA). These examinations are necessary due to its natural
variability depending on the extraction site and the thickness of the clay
layer.

The earthen material used for the blocks examined in the following
section originates from the Midwest region of Germany. It is extracted
from various pits throughout this area, each with its unique composi-
tion, colour, and processability. The material is homogenised at the pit,
if necessary, and then transported to the brickwork for further homog-
enization, mixture with cellulose fibres, and production. The material
used for the examined block samples is taken from the site after pre-
processing, which involves crushing it down through a mill. The cellu-
lose as well as natural organic inclusions can influence the water ab-
sorption of the extruded blocks; therefore, this parameter must be
measured directly.

To gather information about inclusions within the earthen material,
20 mg probes are measured using the TGA/DSC3+ from Mettler Toledo.
The probes are collected from an untested, extruded block and crushed
using a mortar until the largest grain measures a diameter of less than
2 mm. The experiment is performed with a heating rate of 3 K/min, with
holding times at 105 °C and 550 °C, where the temperature remains
steady for 10 min each. The final temperature is reached at 920 °C, while
the change in mass is monitored over time (see Fig. 2). The remaining
water is expelled, resulting in a mass change of 0.9 wt.-%. The loss of
mass between 105 °C and 550 °C is 4.4 wt.-%. The loss of ignition test in
conclusion to EN 17685-1 (DIN EN, 17685-1: 2023-04) confirms these
results.

Between 550 °C and 700 °C, carbonate derivatives dehydroxylate.
Above this temperature, the mass loss continues at a much lower rate.
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Fig. 1. Experimental flowchart.

Table 1
Nomenclature of samples used.

Sample No. Sample orientation a [mm] b [mm] h [mm)]

0-1to 0-15
0-16 to 0-25
0-26 to 0-35

full block 90 90 180
quarter block longitudinal (L) 920 90 45
quarter block orthogonal (O) 90 45 90

100

Tj -0.9 Wt.-%

-4.4 wt.-%

96 -

9 -

-4.6 wt.-%

loss of mass [wt.-%]

90 +

\

88 T T T T

0 200 400 600 800
temperature [°C]

Fig. 2. Mass loss of the earthen material used by TGA from 25 °C to 910 °C.

This can be explained by carbonate decomposition (Chauhan et al.,
2020).

Additionally, the structural analysis of the earthen material is per-
formed using X-ray diffraction with a D8 Advanced Diffractometer by
Bruker Co. The sample material is collected from compression-tested
blocks and crushed using a pestle mortar. The prepared powder is
pressed onto an aluminium oxide sample holder and transferred into the
x-ray diffractometer. The samples are irradiated with focused X-rays at
an angle 6. As the X-rays interact with the atomic lattice of the materials,
they create characteristic reflection angles. These angles provide infor-
mation about the components within the powder, allowing for the
identification of the present mineral. Fig. 3 shows the diffractogram of
the earthen material used in this study. The reflections indicate the
presence of four common minerals. Muscovite and Kaolinite as clay
minerals ensure the plasticizing behaviour through the addition of water
while, in dry state ensuring the bonding of the aggregates in the earthen
block. The aggregates consist of quartz and dolomite which are also
shown by X-ray diffractometry.

Last, as the amount of paramagnetic impurity is of greater impor-
tance to NMR studies, the amount of iron oxide present within the
samples is estimated to around 6 wt.-%. This estimate is derived from the
chemical analysis of the raw clays provided by the manufacturer, along
with the material mixture.

2.2.2. Production of samples

The production method is crucial for the material parameters of the
earthen blocks. The raw material described in section 2.1.1 is earth-
moist when delivered from the manufacturer to the Institute for Brick
and Tile Research Essen, where the samples are extruded. First, to
achieve a homogeneous and low-moisture level throughout the raw
material, it is dried at 40 °C for several days. The production starts with
this dried material, which is mixed with water. The consistency is then
tested with a Pfefferkorn device (Gohlert et al., 2007) until a remaining
height of 2.7 mm is reached. Consistency is crucial for vacuum extrusion
moulding since material that is too soft or too solid results in incomplete
extrusions and damaged samples. After mixing, the materials are filled
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Fig. 3. Diffractogram of the earthen material used.

into a laboratory-sized vacuum extruder shown in Fig. 4.

The extrusion takes place at a pressure of 0.5 MPa, creating a
monolithic strand with a dense, de-aired matrix (Bender and Handle,
2007) that measures 90 mm in height and thickness. Shortly after, the
blocks are cut using a harp of tensioned wire. Three different samples are
formed using different orientations of the cuts, as displayed in Fig. 5.
First, samples with a length of 180 mm are cut off the strand for
compression tests. Second, panes of 45 mm are cut for NMR testing along
the pressing direction. Third, blocks of 90 mm are cut from the strand.

These blocks are then cut into two smaller pieces, each with a thickness
of 40 mm and 50 mm. The cut is placed along the pressing direction,
creating samples for NMR testing orthogonal to the pressing direction.

After production, the samples are stored at room temperature on
metal grids for several days, enabling gentle and slow drying. To finish
the drying process, the samples are rearranged in an oven at 40 °C for
two days.

Vacuum extrusion allows the production of earthen blocks on an
industrial scale. The method used yields a steady quality, similar to other

Fig. 4. Laboratory-sized vacuum extruder.
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Fig. 5. Samples for compression tests (left, Sample 01-15), NMR-tests longitudinal (middle, Sample 16-25) and orthogonal (right, Sample 26-35) to the direction

of extrusion.

types of masonry (Miiller et al., 2013). At the same time, the infra-
structure needed to produce vast quantities of earthen blocks already
exists. Brickworks already produce earthen bricks, apart from the sub-
sequent burning of the bricks (Berker et al., 2025). To work economi-
cally, the earthen material for most brickworks is excavated locally,
thereby reducing costs and emissions from transportation at the same
time (Sopna and Orlowsky, 2025).

2.2.3. Conditioning of samples
To investigate the influence of humidity on the earthen bricks in

various climates, samples are preconditioned at climates of either 105 °C
(105-XX), 40 °C (40-XX), 23 °C and 50 % RH (23-50), 20 °C and 65 %
RH (20-65), 20 °C and 80 % RH (20-80) or 20 °C and 90 % RH (20-90).
Samples are stored for a minimum of 28 days within the climates to
generate a homogenous humidity within the samples. At this time, they
are only taken from the climate to be weighed once a week.

Fig. 6. Experimental setup for capillary water absorption testing.
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2.3. Conventional testing methods

2.3.1. Capillary water absorption

The experiment to determine the capillary water absorption is per-
formed in accordance with (b) and (DIN EN, 15801: 2010-04). Before
testing, the samples are stored in climates of 23 °C/65 % RH, 23 °C/50 %
RH, and 40 °C for 4 weeks, during which they reached a constant mass
with a difference of less than 0.5 % within seven days of storage. The
earthen samples lay on sponge cloths, which themselves lay on top of
capillary conductive sand-lime bricks. These are soaked with water and
lay on line bearings in a tray, filled with water just 1-5 mm below the
top side of the sand-lime bricks. The experimental setup described is
shown in Fig. 6. In addition to monitoring cracks and swelling, as
required in (b), the samples' weight is measured by removing the sam-
ples from the wet cloth after 15, 30, 60, 120, 180 min and 24 h. The
water absorption is determined by Equation (2) (DIN EN, 15801:
2010-04).
Q= (m " mMo) Eq. 2

The capillary water absorption coefficient C is determined as the
secant slope of the water absorption over time, by the formular in
Equation (3).

(m; —my) 1

=A%

Eq. 3
2.3.2. Compression testing

To evaluate the changes in compressive strength due to the differing
humidity, three samples out of every climate mentioned in Fig. 1 are
tested in a combined Compression/Bending Testing Machine 600 kN/
30 kN by TESTING Bluhm & Feuerhardt GmbH, Berlin, Germany. Before
testing, each sample is levelled with plaster and then again stored in the
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conditioning climate until constancy in mass is reached. The loading
rate is 0.05 N/mm?/s (DIN EN and 772-1, 2016-05) so that the
maximum load is reached after 30-90 s in accordance with (b). The
water content is calculated relative to the sample dried at 105 °C and
after reaching a change of mass smaller than 0.5 % within seven days.

2.3.3. Mercury porosimetry

To obtain more detailed information about the pore distribution,
fragments of samples are tested using mercury porosimetry. For this, a
PASCAL 240 Series by Thermo Fischer Scientific, formerly Thermo-
Quest, Waltham, United States of America, is used. The tested fragments
are obtained by breaking an untested sample into smaller parts
measuring about 7 mm in length and 4 mm in diameter. These Frag-
ments are then cleaned of remaining dust particles with compressed air
and dried at 40 °C until a constant mass is reached. The drying process is
carried out as gentle as possible, so the samples and temperature sen-
sitive components are not influenced.

2.4. 'H single sided nuclear magnetic resonance

In this study, a single-sided 'H nuclear magnetic resonance device
called Mobile Universal Surface Explorer (NMR-MOUSE PM 25) is used
(Bliimich, 2000; Casanova et al., 2011), which enables the detection of
NMR signal from a flat sensitive volume of roughly 50 x 50 x 0.2 mm
outside the device, as shown in Fig. 7. The sensitive volume is produced
by four permanent block magnets within the probe head. They are in
perfect arrangement to produce an almost entirely flat region of the
magnetic field, floating about 15 mm above the measurement probe
head. Within this sensitive volume, hydrogen spins are excited through
electromagnetic pulses, tuned to the Larmor frequency of hydrogen. The
pulses are emitted by the sender and receiver coil, sitting in the centre of
the probe head. By moving the probe head in respect to a sample using a

/s

Fig. 7. Schematic drawing of the NMR device and the test setup for dissolution tests.
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high precision step motor, a depth profile is obtained. The technique is
entirely non-destructive and allows the repeated measurement of a
single sample over time up to a depth of several millimetres. No extra
preparation altering the sample is necessary as water is the probing
substance itself. Measurements are done using a CPMG pulse sequence
with the parameters as described in Table 2 with a more elaborate
description of parameters found in (Bliimich, 2000; Schulte Holthausen
et al., 2022). This way, two independent parameters can be detected by
the NMR device: First, the signal amplitude at first excitation is a mea-
sure of the proton density and thus, a direct measure of the volumetric
water content. It has been shown that after appropriate signal correction
of the first echo and subsequent signal normalization to liquid water,
this allows the quantification of the water filled porosity ®yyg (Schulte
Holthausen and Raupach, 2018, 2021). Second, the exponential atten-
uation of the signal, the so-called T, relaxation, allows the estimation of
corresponding pore sizes.

First, samples are placed on the NMR device and a profile is
measured in its preconditioned state. Second, the sample is placed on the
device onto a felt cloth within a glass Petri dish with only 2 mm thick-
ness. Water is poured into the Petri dish, and the repeated measurement
is started immediately. To prevent excessive water evaporation during
the experiment, the Petri dish is covered with a plastic lid. Fig. 7 shows
the test setup. For any NMR profile, a CPMG sequence is applied every
millimetre slightly before the surface of the sample at 3 mm up to 10 mm
depth.

For evaluation, the exponentially decaying CPMG echoes are fitted
using a bi-exponential, non-negative linear least-squares algorithm as
described by the following Equation 4

2,
t
echo(t) — Z:lAn*e( T2“>

Eq. 4

min
The two individual T, relaxation times are bound between a shortest
possible Ty of the echo spacing time as a lower limit and the relaxation

time of water T, due to diffusive attenuation (Schulte Holthausen and
Raupach, 2019).

3. Results from conventional building material testing
3.1. Water content and compressive strength

The results of compression testing on earthen bricks are shown in
Fig. 8, along with the water content of the samples after preconditioning
in the respective climates. The dots represent the mean value of the
compressive strength, with the maximum and minimum represented by
the “whiskers”. The triangles display the water content in relation to the
dried state at 105 °C. For each humidity level, three samples are tested.

The compressive strength rises as the relative humidity and water
content lower. The strength at 90 % RH is about 37 % lower than at 50 %

Table 2
'H NMR measurement parameters employed in this study.
Parameter Unit Value
CPMG Larmor frequency MHz 13.1
Pulse length ps 16
Echo spacing time us 81
Number of echoes 100
Acquisition window ps 16.5
Deadtime ps 24.5
Recycle delay ms 1000
Number of scans - 128
Magnetic field gradient kHz/mm 300
Normalization Signal intensity of water Aw - 235
Correction divisor 1st echo - 0.75
Correction divisor 2nd echo - 1.00
Relaxation time of water Ty, ms 125
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Fig. 8. Compressive strength of earthen bricks with varying storage climate.

RH. The oven-dried samples reach a compressive strength that is 50 %
higher than 11.4 N/mm? at 50 % RH. The linear correlation, postulated
by (Brinkmann and Whiele, 2023) applies to those two mean values.
Considering the variation, we find not a linear correlation, but rather a
root-RH correlation between 50 % RH and 90 % RH, since the measured
values are higher than postulated. The coherence between the relative
humidity and water content of the samples tends to be non-linear. In
summary it is evident, that a higher relative humidity in preconditioning
leads to a higher water content, which results in a reduced compressive
strength.

3.2. Capillary water absorption

The water absorption in litres per square meter is displayed as a
function of the square root of time in Fig. 9 (left). To account for the
different stone humidities at the start of the study due to the condi-
tioning, the graphs of samples conditioned in 50 % RH and 65 % RH start
at a water absorption of 1.5 and 2.0 I/m. These values are calculated as
the difference the gently dried mass at 40 °C and the equilibrium hu-
midity in accordance with (b).

Initially, the samples with 65 % RH exhibit the highest water ab-
sorption due to their conditioning, which is considered in this obser-
vation. After 1 h, the water absorption of the 50 % RH sample is equal to
the absorption of the longitudinal sample conditioned at 65 % RH. After
24 h, the samples begin to group according to their direction of mea-
surement rather than the pre-test conditioning. The observations in the
water absorption graphic can be transferred into the capillary water
absorption coefficient, as seen in Fig. 9 right. Although the correlation
does not appear strongly linear, the water absorption is determined
using Eq. (3) in the interval from the starting point to 1 h and from the
starting point to 24 h. The samples measured longitudinal to the direc-
tion of extrusion (L), have a water absorption coefficient, which is about
10 %-30 % above the coefficient of the samples measured orthogonal to
the direction of extrusion (O). This indicates a more distinctive capillary
pore structure longitudinal to the direction of extrusion than orthogonal.

Considering the preconditioning, a connection of water content
before testing and water absorption can be observed. The greater the
water content of the sample due to preconditioning, the slower the water
absorption within 24 h. During the first hour, this correlation appears to
be influenced by other uncertainties that may arise from measurement
inaccuracies. These inaccuracies lead to a higher water adsorption in the
sample 20-65 L after 1 h compared to after 24 h.



F. Sofina et al.

9.0

8.0 -

7.0 4

water absorption Q [Um?]
N w A o
o o o L |
@ . ; .

-
o
L

o
<)

0 1 2 3 4 5
time Yt [vh]

capillary water absorption coefficient [/(m*vV'h)]

Developments in the Built Environment 25 (2026) 100855

e
o

1.8 -

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

2
o

24

time [h]

m20-650
m23-50L

m20-65L
m40-XXO

m23-500
W 40-XX L

Fig. 9. Left: capillary water absorption as a function over time, right: capillary water absorption coefficient after 1 and 24 h.

These deviations are explained by two causes; (i) at the first stages of
the measurement procedure a water layer adsorbed to the sample by
surface tension which cannot be swabbed off and (ii) due to the loss of
material. The rising water content at the surface leads to a replastifi-
cation of the earthen material which leads to detachments on the wet-
tened surface of the sample. Within the 24 h of water immersion no
significant detachments are observed due to extremely careful sample-
handling. Nevertheless, a slight discoloration of the underlying tile
occurres due to material residues. In this case individual values are
determined. A larger number of samples would be required to better
account for the scattering.

16
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Fig. 10. Pore size distribution of the vacuum-extruded earthen blocks.

3.3. Mercury porosimetry

As Fig. 10 shows, the pore space can be divided into two groups, one
ranging from 20,000-3000 nm the other ranging from 700 to 8 nm, with
the second one being the more significant one with a ratio of about 92 %
of the cumulative pore volume. The overall porosity adds up to 22 vol.-
%.

The pore spaces cannot be separated into different orientations of the
pores, which is why the thesis of a more distinctive pore structure lon-
gitudinal to the direction of extrusion than orthogonal cannot be further
examined here. In addition, mercury porosimetry can only be used on
the material in a dried state. To describe the behaviour of earthen ma-
terials when exposed to water, including the swelling process of the clay
particles, further investigations with other methods are needed. To get a
detailed view while the water absorption takes place, nuclear magnetic
resonance measurements are employed.

4. Results from single-sided 'H nuclear magnetic resonance
4.1. CPMG relaxation response on swollen samples

Fig. 11 presents the CPMG echo decay curve of a representative
sample after 10 h of water immersion, during which swelling occurred.
The data clearly exhibit two distinct fit components, and the figure
demonstrates both the high quality of the measurements and the ade-
quacy of the bi-exponential fit used to model the signal decay. As dis-
cussed in more detail later, the shorter relaxation component,
characterised by an amplitude of 27.8 % and a T; relaxation time of 1.3
ms, is attributed to water located within the interlayer spaces of the
highly swollen clay particles. The parameters of this component are
hereafter referred to as Ay, and T y1, respectively. These values are in
good agreement with literature reports for interlayer water under
similar conditions [ (Fleury et al., 2013); (Eizaguirre et al., 2024)]. The
longer relaxation component, characterised by an amplitude of 11.7 %
and a T, relaxation time of 7.5 ms, is attributed to water located in
between clay particles (interparticle). The parameters of this component
are hereafter referred to as Ajp and T jp, respectively. The clear differ-
entiation of two individual signal components, as seen here is not
necessarily expected based on past studies on clay (Fleury et al., 2013)
and likely a result of the high water-to-clay-binder ratio developing
during the continuous swelling experiments.
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Fig. 11. CPMG from sample 0-28 preconditioned at 20 °C/80 % RH after 10 h
of immersion with signal averaged between 8 and 10 mm depth within
the sample.

Additionally, a minor signal deviation in the first echo, appearing
significantly above the fitted curve, is attributed to residual hydroxide-
bound water, which exhibits a very short T relaxation time. Previous
studies have shown that single-sided H NMR devices tend to enhance
and prolong signals from solid phases such as hydroxides, in contrast to
conventional closed magnet systems (Schulte Holthausen and McDo-
nald, 2020). This effect is likely due to the specific pulse sequences used
in the highly inhomogeneous magnetic fields (Schulte Holthausen and
Raupach, 2019). However, any attempt to quantify this relaxation
component is deemed infeasible.

Paramagnetic iron strongly enhances surface relaxation in porous
materials and thus, shortens the detected relaxation for otherwise
similar sized pores (Schulte Holthausen and Raupach, 2019). If the
amount of iron estimated for the samples of around 6 wt.-% would all
contribute to NMR surfacy relaxivity, a considerably faster relaxation
would be expected than found here. Consequently, it might be assumed
that most iron within the samples here is bound in concentrated spots,
possibly unhydrated. Only a limited amount of iron is evenly distributed
throughout the pore systems contributing to surface relaxation.

4.2. Preconditioned sample measurement

Fig. 12 displays the fitted results from NMR measurements of all
samples, preconditioned under different climatic conditions. As in the
swollen samples (see Fig. 11), two relaxation components adequately
describe the decaying CPMG signal; however, the T relaxation times
observed here are significantly shorter. As expected, more severe drying,
achieved either by lowering the relative humidity or increasing the
temperature, leads to a reduction in sample water content, reflected in a
decreased total NMR amplitude ®yygr. When transitioning from a con-
ditioning climate of 20 °C/90 % RH to 23 °C/50 % RH, the amplitude of
the interparticle signal Ajp declines from approximately 5 % to nearly
zero, while the corresponding relaxation time T, p increases gradually
from 1 ms to 3 ms. The latter behaviour may be attributed to the
increasing isolation of larger pore spaces from smaller, faster-relaxing
clay particle surfaces, and the reduction of water mobility and water
connectivity. Alternatively, this trend might arise from the bi-
exponential fitting approach, which becomes more susceptible to mea-
surement noise at low signal amplitudes and may artificially extend Ty
values. Therefore, the interpretation of increasing Top should be
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Fig. 12. NMR signal from earthen blocks after storage at different climates with
a differentiation between interlayer (A, and T, y) and interparticle (A and
T, 1p) water shown as cumulative signal stagged onto each other. Additionally,
the gravimetrically measured volumetric water content (VWC) is shown.

approached with caution when Ajp is relatively small. The shorter
relaxation component, corresponding to interlayer water Ay, remains
more stable, with amplitudes around 8 % and T, relaxation times near
0.2 ms. Only under more extreme drying conditions, such as heating to
105 °G, is this component significantly reduced, with T j;, decreasing to
approximately 0.09 ms.

Comparing the results from 'H NMR on the preconditioned samples
and the compression strength measurements in Fig. 8, the importance of
the interparticle water Ajp to the structural integrity of the earthen
building materials is emphasized. An increase in interparticle water
appears to strongly reduce material strength.

The NMR-derived data are overlaid with gravimetric measurements
of volumetric water content. To align these datasets, an arbitrary offset
of 5 % is added to the gravimetric values. This accounts for e.g. weight
changes that are not detectable by NMR. This adjustment helps to
illustrate the strong correlation between gravimetrically determined
water content and ®yygr. This supports the validity of the applied
correction and normalization procedure for using ®nmr as a proxy for
volumetric water content, as previously demonstrated (Schulte et al.,
2018, Schulte Holthausen and Raupach, 2021). However, beyond 40 °C
drying, increasing discrepancies emerge between ®yyr and gravimetric
values, possibly due to the loss of water associated with other hydrated
phases or hydroxides that are not, or only partially, detectable by NMR.

4.3. Time-dependent progression of swelling reactions

To examine the temporal evolution of water binding within the clay
binder, the NMR relaxation signal gets averaged over a depth range of
8-10 mm and analysed over immersion time. Results for four repre-
sentative samples are presented in Fig. 13. As expected, all samples
exhibit a sharp increase in signal shortly after initial immersion in water,
reflecting rapid water absorption into the material. During the first hour,
Ay, increases, followed by a subsequent rise in Ajp. Interestingly, this
sequence is in marked contrast to the behaviour observed in internally
swelling calcium-silicate-hydrate (C-S-H) phases in cementitious ma-
terials (Schulte Holthausen and Raupach, 2018; M Gajewicz et al.,
2016). The time-resolved evolution of the relaxation components clearly
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Fig. 13. Change in water binding in samples while water immersion and dissolution in a depth of 8-10 mm.

shows that the two distinct components identified in the swollen state
(Fig. 11) evolve continuously from the two shorter components observed
in the preconditioned dry samples (Fig. 12). Specifically, the relaxation
time Ty 1, which initially ranges from 0.1 to 0.2 ms (see Fig. 12), pro-
gressively increases to approximately 1.3 ms, while its associated
amplitude Ay, rises to about 25 %. This behaviour is consistent with
previous studies on clays subjected to controlled wetting conditions
(Eizaguirre et al., 2024).

In contrast, the temporal development of T+ 1p, is more challenging to
interpret. The bi-exponential fitting algorithm tends to yield unreliable
T, values when the corresponding amplitude App is very low. In Fig. 13,
such uncertain Ty 1p values—associated with low Amplitudes Ajp—are
indicated by grey lines. Nevertheless, a general increase in Tqp is
observed over time, eventually reaching values between 3 and 10 ms.

To quantify the temporal changes, and thereby the degradation
processes, occurring within the swelling clay samples, an empirical
fitting approach is applied to the evolution of the NMR signal amplitude,
as described by Equation (3):

t-tiy 1p.
Arp(t) = A pini + max (O; (AIL.IP;fin'AIL,l'P;ini) * (1'EXP ('ﬂ> ) )

19IL,IP

Eq. 3

In this equation, A represents the signal amplitude in % of interlayer Ay,

10

and interparticle Ajp components over time t in hours, with Aj,; and Agy,
denoting the initial amplitude at time zero and the final amplitude at the
end of measurement at 12.5 h, respectively. The parameter ty accounts
for the delay in swelling associated with the time required for the water
front to reach the evaluated sample depth range of 8-10 mm. Most
importantly, 9y, p are the time coefficients characterising the temporal
change in the signal. A smaller value of 8 indicates faster swelling of the
clay matrix, and vice versa. This fitting function is intended solely as a
means of empirically describing the observed data and extracting
quantitative indicators from the temporal signal development. It carries
no underlying physical interpretation and should not be viewed as a
mechanistic model. The resulting fitting curves are indicated in Fig. 13
as dotted red lines and the extracted time coefficients are presented in
Fig. 14.

It is evident that the interlayer time coefficient is consistently smaller
than the interparticle time coefficient, indicating that interlayer
swelling occurs on a shorter timescale than the swelling associated with
interparticle water. However, the relative timing of these processes
depends strongly on the preconditioning conditions. Under more severe
drying, the interlayer and interparticle swelling processes occur in close
succession. In contrast, preconditioning at higher humidity significantly
accelerates interlayer swelling while delaying the onset of interparticle
swelling.
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Fig. 14. Time coefficients 9y, and 9;p of interlayer and interparticle changes, respectively, acc. to Equation 3.

Comparing these results with the found CWA (see section 3.3 and
section 4.4), a closer connection between CWA and interparticle
swelling can be observed, despite of an overall greater signal increase,
and thus water absorption and storage within the sample, for interlayer
signal.

4.4. Implications of swelling depended relaxation signal on surface
relaxivity

1An additional insight can be drawn from the connection between
the interlayer signal amplitude Ay, and its corresponding relaxation time
T2 11, shown in Fig. 15. As Ay, increases, a proportional increase in Ty p, is

30 -

25 ~

20 ~

A [ms]

10 ~

0 T T T T T T T
0.4 0.8 1.2
T, L [ms]

1.6

Fig. 15. Correlation between interlayer amplitude Ay, and its corresponding
relaxation time T ;. The red dotted line serves as guide to the eye.
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consistently observed. This strong correlation is illustrated in Fig. 6 for
all samples, revealing two distinct linear regimes with different slopes
above and below a Ty, value of approximately 0.9 ms. The observed
correlation is likely attributable to a constant inner surface area and
surface relaxivity of the clay particles. As more water layers are incor-
porated into the interlayer space, both the NMR signal amplitude and Ty
relaxation time increase, corresponding to an expansion of the interlayer
spacing. The inflection point around To y, of 0.9 ms suggests a transition
in the water-binding regime, from a structured, layer-like arrangement
to a more disordered, diffuse ionic layer. This transition alters the
mobility of water molecules and their interaction with the clay surfaces
and consequently affects surface relaxivity.

While absolute values for surface relaxivity cannot be drawn from
this data without considerable assumptions, the changes in slope at the
inflection point suggests that surface relaxivity of the distorted, diffuse
ionic layer (above T 1, = 0.9 ms) is only about 1/3 of surface relaxivity
of the more structured, layer like arrangement (below T3 i, = 0.9 ms).
Interestingly, Eizaguirre et al. (2024) propose just such change in sur-
face relaxivity, though at a different water content of 30 % and different
T, relaxation time of ~0.3 ms. The change in slope found is by 1/5. In
respect to the differences in clay materials (inner surface, paramagnetic
impurities etc.) investigated here and in their study, it is noteworthy that
these results comply such well. Even more so, revisiting the results
presented by Eizguirre et al. (Eizaguirre et al., 2024), reinterpreting the
single highest data point (amplitude of 52 % and 2.4 ms) as an outlier,
and ignoring it in the subsequent linear regression, a similar change of
slope of 1/3 with an inflection point of ~28 % can be inferred.

The strong linear relationship between Ay, and Ty, supports the
general applicability of the fast diffusion model for interlayer water in
these systems. In contrast, no such correlation is observable for the
interparticle water component (data not shown), indicating differing
relaxation mechanisms or geometries in those environments.

4.5. Capillary water absorption

The degradation of earthen building materials due to water exposure
remains one of the primary challenges limiting their broader adoption,
despite their environmental advantages. A critical parameter for eval-
uating such materials in an engineering context is the capillary water
absorption (CWA), along with the derived capillary water absorption
coefficient (CWAC). Using 'H nuclear magnetic resonance (NMR)
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profiling, water absorption can be monitored non-destructively. Fig. 16
presents the moisture profiles of a sample preconditioned at 20 °C and
80 % RH, recorded at four different time intervals. As expected, water
penetration initiates at the exposed surface, depicted on the left side of
each panel, and advances further into the material over time. Concur-
rently, the previously discussed swelling behaviour is observed, char-
acterised initially by an increase in the interlayer signal Ay, followed
subsequently by a rise in the interparticle signal App.

To quantify this process, water absorption is determined using a
method analogous to that employed for natural stones (Keine et al.,
2019). This involves calculating the volumetric water absorption of the
sample, accounting for the initial moisture content of the preconditioned
sample. A linear approximation of the NMR signal ®yygr is used,
beginning at the sample surface at a depth of 4 mm. The resulting water
absorption is represented as the blue triangular area in Fig. 16. Initially,
this water addition remains within the measurable range, but after only
a few time points, it extends beyond the field of view. The increase in
water content is indicated by the blue triangles in Fig. 16, whose areas
represent the temporal water absorption (TWA) and are plotted in
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Fig. 17 left.

As expected for capillary water absorption experiments, the ab-
sorption follows a square-root-of-time dependence, appearing linear
when plotted against the square root of time. In this analysis, three
samples exhibit significantly higher CWA, likely due to macroscopic
cracking caused by preconditioning at elevated temperatures and the
subsequent swelling in water. The capillary water absorption coefficient
(CWAQ), calculated via linear regression between 20 and 100 min (1.3
h%®), is presented in Fig. 17 right. An increase in CWAC is observed with
more severe preconditioning at higher temperatures. This trend is
consistent with previous measurements of CWAC on conventionally
tested samples, as discussed in Section 3.2, with overall comparable
values, especially at 50 % RH and 65 % RH. The samples dried at 40 °C
indicate a higher CWAC in NMR testing, than in conventional methods.
This may occur due to the different setup. While in case of the con-
ventional testing the samples are placed on top of a wet cloth, in the
NMR measurements the water is about 1 cm on the sample to provide
sufficient water for the time of testing. To be able to accurately test the
CWAC on severely dried stones, the test setup could be modified by

t~0-20 min
10
)
E
1
0.1
3 4 5 6 7 8 9 10
depth[mm]
t~750-770 min
50
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— T _Tz_w - 10
40 CITWAE
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Fig. 16. NMR profiles of earth-based sample water content in capillary absorption experiment a) of the sample after preconditioning at 20 °C and 80 % RH before
immersion, b) after immersion within the first 20 min, ¢) within 20 and 40 min and d) after about 12 h. NMR signal is split into interlayer (Ay) and interparticle (Ajp)
with its corresponding T, relaxation times. Blue rectangles indicate the increase in water content as evaluated for the capillary water absorption evaluation.
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Fig. 17. Capillary water absorption derived from NMR measurements as left: time-dependent capillary water absorption; right: evaluated as capillary water ab-

sorption coefficient for all samples.
using an external water reservoir.
5. Conclusions

The testing of earth-based blocks using single-sided 'H nuclear
magnetic resonance yields reasonable results. It allows the depth wise
visualisation of water absorption. The results of this new testing method
together with the conventional testing methods can be summarized as
follows:

- The pore distribution and, therefore, the pathways for capillary
water absorption in vacuum-extruded blocks depend on the direction
of extrusion. Water absorption parallel to the direction of extrusion is
greater than that occurring orthogonally. By employing single-sided
NMR, it is possible to obtain depth-dependent information regarding
the pore structure and the alignment of these pores.

The swelling of the clay binder can be differentiated into interlayer
and interparticle processes, both of which can be quantified and
characterised over time. Furthermore, this work provides additional
insights into the interaction of water molecules with the surrounding
surfaces of clay particles, as observed through 'H nuclear magnetic
resonance. The technique enables the visualisation of the transition
of water binding from a structured, layer-like arrangement to a more
disordered, diffuse ionic layer.

Capillary water absorption can be detected non-destructively using
NMR. The preparation of samples into a manageable size is rendered
unnecessary. In contrast to conventional testing methods, depth-
dependent analysis is feasible.

The results at 65 % RH and 50 % RH indicate that the CWAC dem-
onstrates that 'H nuclear magnetic resonance measurements on
earthen blocks are practical and yield results comparable to con-
ventional testing methods, with depth-dependent analysis being
possible exclusively through this novel technique.
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NMR testing helps to understand the swelling properties of earthen
blocks and contributes to a realistic pore and water transport model for
earthen building materials. Furthermore, single-sided nuclear magnetic
resonance testing can be used as an in-situ method for housing con-
struction in cases of building investigations after damage events.
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