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Abstract
Single-sided time-domain proton magnetic resonance (MR) surface scanners are useful for non-destructive measurements
of moisture. A mobile single-sided MR sensor unit employing two concentric ring magnets was constructed for the in situ
quantification of moisture in slaked lime plaster used in the outer walls and roofs of heritage architecture. This sensor unit
allows for non-destructive measurements of water proton relaxation 1.5 to 13.5 mm beneath the surfaces of walls and roofs.
The following laboratory experiments on water-saturated porous slaked lime plaster samples were performed. (i) The porosity
(water volume fraction) was measured in approximately eight minutes with a root mean square error of 1.9 vol%. (ii) The
fundamental MR-related property (i.e. proton surface relaxivity) needed for the estimation of the pore size distribution was
also measured successfully. (iii) The pore volume expansion due to frost damage was successfully detected as a significant
change in the transverse relaxation time distribution. These results demonstrate that the portable MR surface scanner is a
promising non-destructive testing tool for the maintenance and remediation of heritage architecture made of plaster.
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1 Introduction

A single-sided low-field time-domain magnetic resonance
(MR) surface scanner is a useful measurement tool that uses
proton relaxometry [1–3]. Due to the carefully designed
magnetic circuit and pulse sequence [4–11], it enables
non-destructive, non-invasive, and non-contact scans of the
surfaces of large objects. The scanner system is portable and
lightweight owing to its constructionwith compact rare-earth
permanent magnets, and has an investigation depth of several
millimeters to several centimeters. MR surface scanners are
now being applied in a diverse range of fields for the in situ
non-destructive moisture measurements [1–3, 12–14].

Although the quantum physics-based principle of pro-
ton MR is complicated and the single-sided MR scanner
system is expensive, MR scanning has the following advan-
tages with respect to the in situ non-destructive moisture
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quantification. (a) The sensed region is compact (typically,
≈ 1 × 1 × 1 cm3) and its location is accurately known
[2, 10]. (b) The pore size distribution and the permeabil-
ity of water-filled porous media can be estimated [11, 15].
(c) The depth-profiling or one-dimensional imaging of the
water distribution at a spatial resolution of tens to hundreds
of micrometers is possible [16, 17]. (d) Themobility of water
molecules (i.e. restricted diffusion of pore water molecules)
can be measured [1, 2]. (e) Non-contact scanning is also pos-
sible, which would be essential for the inspection of world
heritage walls with priceless paintings [18–20]. It should be
noted that other non-destructive methods for the in situ mois-
ture quantification of building materials (i.e. near-infrared
spectroscopy, infrared thermography, electrical resistance
and capacitance, self-potential, evanescent-field dielectrom-
etry, time-domain reflectometry, ground penetrating radar,
terahertz waves, light detection and ranging scanning, and
ultrasonic methods [21–27]) could not meet the above men-
tioned five features, (a) to (e), simultaneously.

The present study focuses on the application of a single-
sided MR surface scanner to the non-destructive measure-
ment of moisture in slaked lime plaster for the maintenance
and remediation of heritage architecture. Slaked lime plaster
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powder is one ofmost typical geomaterials used for construc-
tion, and mainly consists of calcium hydroxide, Ca(OH)2
[28–30]. It is kneaded with water to cover surfaces of walls
and fill gaps in roofs in heritage architecture [31–34]. The
calcium hydroxide reacts with the atmospheric carbon diox-
ide to form calcite, which causes mechanical hardening of
the plaster [28–30, 33].The moisture in the porous plaster
is a key aspect of the material because water-filled pores
inhibit the reaction of calcium hydroxide grains with atmo-
spheric carbon dioxide [33], resulting in delayed hardening.
Moisture also plays an important role in frost damage in
cold regions [35–38]. When freezing, the water volume
increases by approximately 9% [39]. This freezing-driven
volume increase of pore water could expand or destroy the
solid framework of building materials such as slaked lime
plaster. The resultant bulk volume expansion or cracking
[38] could reduce themechanical strength of the architecture.
Non-destructive moisture scanning is therefore essential for
the maintenance and remediation of the walls and roofs of
priceless world heritage architecture and national treasures,
and single-sided MR surface scanners are suitable for this
purpose.

Single-sided MR surface scanners have been applied
to heritage architecture made of various types of plaster
(slaked lime, cement, and gypsum), natural stones, and bricks
[16–20, 40–47]. In the present study, the following three
aspects are integrated from previous single-sided MR scan-
ning studies on heritage architecture:

(i) The applicability of single-sided MR scanning to the
evaluation of frost damage [35–37], which is critical
for the conservation of heritage architecture made of
plaster in the cold regions, was examined for the first
time. The pore size can increase when liquid water in
pores is frozen into ice and expands. A time-domain
MR scanner enables measurement of the proton trans-
verse relaxation time (T2) of porewater,which could be
converted into the pore size distribution [15] for porous
plaster samples. Frost damage to cultural heritage was
simulated in the laboratory by freeze–thawing ofwater-
saturated plaster samples, and the increase in pore size
after freeze–thawing was measured by analyzing the
change in the transverse relaxation time.

(ii) To the best of our knowledge, there are few reports on
the fundamental MR-related properties of slaked lime
plaster. Thus, measurements of the pore structure, lon-
gitudinal relaxation time (T1), and T1- and T2-proton
surface relaxivities (ρ1 and ρ2, respectively) [15] were
performed for the first time in the laboratory. The mea-
sured ρ2 value was applied to the analysis of the pore
size distribution in (i).

(iii) In previous single-sided MR studies pertaining to her-
itage architecture [16–20, 40–47], the dimensions of
the sensed region of the mobile MR sensor unit were
small (e.g. ≈ 100 mm2 parallel to the sensor face, ≈
2 mm normal to the sensor face) [43]. This is a con-
sequence of the magnetic circuit with a strong field
gradient. While the small dimension normal to the sen-
sor surface allows for high-resolution depth profiling
[19, 20, 40], it is not adequate for determining the
gross moisture content of the walls and roofs, as they
have strong heterogeneity inside the plaster (e.g. large
voids). Thus, in the present study, a different type of
a magnetic circuit with a homogeneous magnetic field
(i.e. a sweet spot) [1, 2, 5, 6, 10, 48, 49] was employed,
which enlarges the sensed region. One of the recent
progresses in the magnetic circuit design with a sweet
spot is the use of two concentric ringmagnets [50]. The
interaction of each ring magnet significantly increases
the volume of the sensed region. We optimized the
dimensions of the two concentric ringmagnets by com-
puter simulations, and constructed the magnetic circuit
using Nd–Fe–B permanent magnets. As a result, the
dimensions of the sensed region are as large as 304
mm2 parallel to and 12 mm normal to the sensor face,
which are sufficient to measure the gross moisture con-
tent of the subsurface of wet plaster walls and roofs.
The MR surface scanner equipped with the developed
magnetic circuit was used for the investigation of the
items (i) and (ii) above. The accuracy of the water vol-
ume fraction (i.e. porosity) for intact plaster samples
was also examined to evaluate the basic performance
of the MR scanner as a moisture quantification tool.

2 Methods andMaterials

2.1 Single-SidedMR Sensor Unit

The mobile MR sensor unit constructed in the present study
is shown in Fig. 1. It consists of a single-sided perma-
nent magnetic circuit with handles and a double D-shaped
planar radio-frequency (RF) coil with an aluminum tun-
ing/matching (T/M) box. During operation, the RF coil is
connected to an MR console via a BNC cable. The total
weight of the sensor unit is 4.3 kg without the BNC cable.
Due to the single-sided magnet geometry, one side of the
planar RF coil is exposed to free space (i.e. z > 0 in Fig. 1a),
which allows for non-destructive scanning of the surfaces of
large objects.
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Fig. 1 Sensor unit constructed
for the single-sided MR surface
scanner system. a Photograph of
sensor unit with the scanning
surface facing upward. The
origin of the Cartesian
x–y–z coordinate system is
marked on the PMMA plate. The
origin of the x–y coordinate
system is centered at the RF coil,
and thus the z-axis coincides
with the cylindrical magnet axis.
b Snapshot of the mobile sensor
unit. A photograph without the
RF coil is shown in Fig. ESM2a

A double D-shaped RF coil [50] was employed for the
excitation of nuclear spins and detection of the resultant pro-
ton relaxation (Fig. 1). This doubleD-shaped (not solenoidal)
design is essential for producing an RF magnetic field oscil-
lating normal to the direction of the static magnetic field in
the sensed region. Using this design, the RFmagnetic field is
in the y-direction while the static field is in the z-direction in
Fig. 1a. The details of the RF circuit are also schematically
shown in Fig. ESM1 in Electronic Supplementary Material.
Larmor frequency tuning and 50�matchingwere performed
using non-magnetic trimmer capacitors in the T/M box. A
transparent poly methyl methacrylate (PMMA) plate (14 ×
11 mm2, 1 mm thick) was placed on the RF coil (Fig. 1)
to mechanically protect the coil and to electromagnetically
decouple the coil from samples with various impedance val-
ues.

Nd–Fe–Bpermanentmagnets (NEOMAX®,HitachiMet-
als, Ltd., Tokyo, Japan) were employed for the magnetic
material in the present study. The residual flux density of the
magnet was ≈ 1.4 T, and the coercivity was ≈ 1.1 MA/m.
The geometry of the magnetic circuit was optimally deter-
mined by numerical simulations as follows [51]. Briefly, two
concentric ring magnets whose end faces were polarized [50,
52],were considered. Therewas a recess between the end sur-
faces of the inner ring magnet and the outer ring magnet in
order to produce a sweet spot in the sensed region. Extensive
static magnetic field simulations were performed for various
values of the diameter, thickness, length of the ring magnets
and the recess with the constraint of that the total magnet
weight remains constant. Approximately 1.3 million cases
were examined to search for the best geometry, which should
produce a strong and broad sweet spot far from the end sur-
face of the outer ringmagnet. As a result, themagnetic circuit
shown in Fig. ESM2a was chosen [51], for which the spatial
distribution of the magnetic field measured by a Tesla meter
is shown in Fig. ESM2b.

Although the exact shape of the sensed region of the
single-sided MR sensor is generally rather irregular [10, 48,

50], we approximate this shape to be a simple cuboid [49]
in the present study. The dimensions and location of this
cuboid region were measured using silicon rubber sheets.
The detailed procedure for these measurements is described
elsewhere [49, 50, 53]. The duration of the 90° and 180° RF
pulses employed in the silicon rubber experiments was 0.06
ms. The obtained sensitivity profile with the static magnetic
field distribution in the z-direction is shown in Fig. 2, and
those for the x- and y-directions are shown in Fig. ESM3.
Based on the measurements, the investigation depth was
determined to be 6 mm (Fig. 2); the sensed region almost
agreedwith the regionwith the homogeneous staticmagnetic
field (i.e. sweet spot) in Fig. ESM2b, and the dimensions of
this sensed region when approximated as a cuboid were 19,
16, and 12 mm along the x-, y-, and z-axes, respectively.
The sensed region in the z-direction ranges from z � 1.5
to 13.5 mm (width, 12 mm), which is sufficient to measure
the gross moisture content of the plaster walls of the world
heritage architecture as thick as a few centimeters [54].

In comparison, the dimensions of the sensed region along
the x-, y-, and z-axes of the single-sided MR scanner used
in previous studied on heritage architecture were 30, 30, and
0.2 mm, respectively [42]. The moisture level in such a small
sensed region could stronglyfluctuate if by chance anunusual
feature is detected (e.g. largewater-filled voids or large gravel
inclusions); these are occasionally embedded in the region to
be scanned. The very large ratio between the scanned region
volume in the present study and in the previous studies (19×
16 × 12/(30 × 30 × 0.2) ≈ 20) shows that the moisture data
acquired using the MR scanner in the present study provides
a more reliable average moisture value for the heterogeneous
plaster found in heritage architecture.

The total volume of 19 × 16 × 12 ≈ 3650 mm3 was
achieved using the two concentric ring magnets (Fig. ESM2)
weighing a total of 2.7 kg. In contrast, the sensed region of
the sweet-spot type magnetic circuit (a ring magnet and a
bar magnet) for the same Larmor frequency of 4.5 MHz in a
previous study [55] was 14 × 15 × 11 � 2310 mm3 using
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Fig. 2 Sensitivity distribution along the z-direction determined by mea-
suring MR signal intensity dependence on the thickness of stacked
silicon rubber sheets (dimensions, 30 × 30 × 1 mm for each). All
solid lines are for eye-guiding. First, 30 stacked sheets were placed on
the center of the sensor to completely encompass the sensed region.
Then, the NMR signal intensity was measured based on the summation
of echoes using the CPMG sequence. The rubber sheets were removed
sheet by sheet, starting from the top (i.e. z � 30 mm) to measure the
MR signal intensity decrease that occurred as the number of the stacked
sheets decreased. The obtained summation of echoes was normalized
and plotted against the thickness of the rubber sheets (the horizontal
axis is the position of the removal front of the stacked sheets). The dis-
tribution of the z-component (Bz) of the magnetic flux density vector
along the z-axis (i.e. x � y � 0 mm) measured by the Hall probe was
superimposed, which was taken from Fig. ESM2b. According to the
previous studies [49, 53], it was tentatively assumed that normalized
signal intensities of 10, 90, and 50% correspond to the lower and upper
limits of the sensed region and the investigation depth of the sensor,
respectively. As a result, the width of the sensed region was determined
to be 12 mm in the z-direction, and the investigation depth was 6 mm
from the PMMA plate on the planar coil. The sensitivity distributions
along the x- and y-directions are shown in Fig. ESM3

Nd–Fe–B magnets weighing a total of 3.4 kg, heavier than
2.7 kg. This weight comparison demonstrates the advantage
of the concept of the two concentric ring magnets [50] over
the conventional sweet-spot typemagnet design. The volume
of the sensed region in the present study was increased by
3650/2310≈ 1.6 times, whichwould ensureMR signals with
better signal-to-noise ratios.

2.2 Sample Description

A powder product of slaked lime plaster manufactured by
Tokyo Sun-Home Co. Ltd. (Tokyo, Japan) was used in the
present study. The main component is portlandite, Ca(OH)2.
Plant fiber and binder are included asminor components. The
chemical composition of the powder as oxides obtained by

Fig. 3 Photograph of a slaked lime plaster sample (sample B listed in
Table ESM2) measured by the MR surface scanner

X-ray fluorescence analysis with the fundamental parameter
method was: SiO2, 0.25; Fe2O3, 0.07; CaO, 75.57; P2O5,
0.03; SrO, 0.05; SO3, 0.11; and loss on ignition (e.g. H2O
and CO2), 23.92 (total 100 wt%). The powder was kneaded
with tap water followed by curing in containers made of sil-
icon rubber. The solidified plaster samples were taken out of
the containers after curing. The plaster samples were dried
at 50 °C in an oven without the function of the humidity
control to measure the dry weight (approximately 300 g),
and then saturated with tap water to measure the water-
saturated weight (approximately 400 g). A photograph of
a slaked lime plaster sample prepared is shown in Fig. 3. The
dry-wet weight difference method allows for the calculation
of the ground truth value of the porosity (i.e. water volume
fraction of the water-saturated sample) to evaluate the mea-
surement accuracy by MR scanning. It should be noted that
this weight-difference method using relatively large samples
is better than the mercury porosimetry using small samples
(approximately 0.5 g). This is because the large sample vol-
ume reduces the statistical fluctuation due to the intrinsic
spatial heterogeneity of the pore structure of the plaster sam-
ples, ensuring the better accuracy for the porosity values.
Detailed data on the slaked lime plaster samples prepared in
the present study are listed in Tables ESM1 and ESM2.

The physical and chemical properties of the plaster sam-
ples were measured for use as references for the MR
experiments. The pore structure is an especially important
property because the proton relaxation times (T1 and T2) for
pore water are sensitive to the pore size distribution [15, 56].
For pores ranging from10 nm to 100µmin diameter, the pore
size distributionwas obtained bymercury porosimetry (Fig. 4
and Table ESM1). No significant difference in the pore size
distribution and the surface-to-volume ratio for the pores was
observed among the three intact samples with different water
fractions used during the kneading step. Thus, all plaster sam-
ples forMRmeasurements and X-ray computed tomography
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Fig. 4 Pore size distribution for slaked lime plaster samples obtained
by mercury porosimetry for three intact samples kneaded with different
water fractions. Data for a plaster sample damaged by freeze–thaw
processing are also superimposed. See Table ESM1 for the detailed
data

(CT) were kneaded with water at a fixed value of 41.2 wt%
H2O (see Table ESM2). It should be noted that the water con-
tent, 41.2 wt% H2O, is typical for the heritage architecture
[32]. For pores larger than a few hundredmicrometers, X-ray
tomography was applied. Dry porous plaster samples were
imaged by X-ray CT at three different spatial resolutions
(Fig. ESM4a–c), and all depicted a number of subspherical
voids probably produced during the kneading process. The
mineral composition of the plaster sample was analyzed by
X-ray powder diffractometry (Fig. ESM4d). The results show
that the main components are portlandite, Ca(OH)2, and cal-
cite, CaCO3, which agrees with the literature [29, 30]. The
freezing temperature of the pore water was determined by
measuring the intensity of the proton free induction decay
(FID) signal derived from the liquid water. Details on the
FID method are described elsewhere [57]. The results in Fig.
ESM4e show that almost all of the pore water (i.e. 91%)
freezes at − 6 °C. This is consistent with reports that the
freezing point of pore water in porous media with pore sizes
of sub-micrometers is often beneath 0 °C [57, 58].

2.3 MR Scanning of Plaster Samples

All single-sided MR experiments were performed using a
portable MR console system (MRTechnology Inc., Tsukuba,
Japan) [59] equipped with the developed sensor unit (Fig. 1).
The proton Larmor frequency corresponding to the magnetic
flux density in the sensed region (Figs. 2 and ESM2b and

Fig. 5 Measurement setup for MR surface scanning of the water-
saturated plaster sample B in Fig. 3. A wide-angle photograph of this
scene is shown in Fig. ESM5. The plaster sample is placed on the center
(i.e. x � y � 0) of the RF coil shown in Fig. 1

ESM3) was 4.5 MHz within a room temperature range of
26 ± 2 °C. A snapshot of a plaster sample measurement is
shown in Figs. 5 and ESM5. The RF shield cloth provides an
electric ground via connection to the outer shield of the BNC
cable at the position indicated by the blue arrow in Fig. 5 (see
also the blue mark in Fig. ESM1). The T/M operations were
performed with the capacitors shown in Fig. ESM1 using a
Smith chart [2] displayed on a network analyzer, and then
the transient proton relaxation was measured. The resultant
quality factor Q for the RF coil after the T/M adjustment
was almost independent of the samples and constant (≈ 31),
partly due to the PMMA plate placed on the RF coil to elec-
tromagnetically decouple the coil from the sample.

A phase-alternated pair-stacking (PAPS) Carr–Pur-
cell–Meiboom–Gill (CPMG) pulse sequence [11] was
employed to acquire the proton transverse relaxation data.
The parameters for the CPMG sequence were as follows.
The duration of the 90° and 180° RF pulses was 0.06 ms,
the echo spacing was 0.5 ms, the sequence repetition time,
TR, was 5 s (i.e. the T1 full relaxation condition), and the
number of echoes acquired was approximately 1000. For the
number of stacked signals, N stack, five values (6, 12, 24, 48,
and 96) were employed to evaluate its effect on the mea-
surement accuracy. The number of dummy scans without the
CPMG train data acquisition was unity. Thus, for example,
the required MR measurement time for each sample was 5 s
× (6 + 1) times � 35 s for N stack � 6, and 5 s × (96 + 1)
times � 485 s for N stack � 96.

The open structure of the RF coil (Fig. 1) inevitably allows
environmental RF noise to contaminate theMR signal, yield-
ing a low signal-to-noise ratio. ConductiveRF shielding cloth
(MS-PY®, Microwave Absorbers Inc., Tokyo, Japan) was
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placed beneath the sensor unit (Figs. 5 and ESM5) and con-
nected to the outer shield of the BNC cable (i.e. electric
ground) (Fig. 5) to reduce the environmental RF noise as
much as possible.

Six plaster samples A, B, C, E, F, and G (see Table
ESM2 and Fig. 3) saturated with tap water were prepared.
Each water-saturated sample was placed on the sensor unit
(e.g. Fig. 5), and transverse proton relaxation data were
acquired using theCPMGpulse sequence as described above.
The sample and RF coil were wrapped with transparent
polyethylene films (10 µm in thickness) during the CPMG
measurement to prevent undesirable water evaporation dur-
ing measurements and to protect the coil from dripping pore
water. A 250mL bottle of a dilute 0.21 wt% aqueous solution
of CuSO4 [53] was also measured as a standard sample hav-
ing ≈ 100 vol% H2O. A large value of N stack (i.e. 768) was
used for this bottle sample because the signal intensity is used
to standardize the value of ≈ 100 vol% H2O for the experi-
mental system in Fig. ESM5. Once a reliable signal intensity
for this standard sample is obtained with a large value of
N stack, there is no need to measure the standard sample again
if the pulse sequence parameters (e.g. echo spacing) and the
magnet are not changed.

Five plaster samples, D, L,M, N, and O (see Table ESM2)
saturated with tap water were prepared for the freeze–thaw-
ing experiments. First, CPMG data and medical X-ray CT
images were acquired before freezing; then the samples were
placed in a freezer maintained at− 14 °C for 21 h. As shown
in Fig. ESM4e, 93% of the pore water was frozen, which is
sufficient to cause frost damage in slaked lime plaster. The
frozen samples were left at room temperature to thaw, and
then CPMG data were acquired with the same settings as
before freezing. Plaster samples were then imaged again by
medicalX-rayCT to investigate the internal structures altered
by the frost damage. The number of the freeze–thaw cycles
was unity. The pore size distribution was measured for the
plaster sample L in Table ESM2 after the freeze–thaw pro-
cessing using mercury porosimetry to determine the degree
of pore volume expansion induced by pore water freezing.

The principles of CPMG data processing here are based
on T2 relaxometry. The raw time-series data obtained using
the CPMG pulse sequence consisted of approximately 1000
echo data points. The first four echoes were truncated and
discarded because the initial echoes are transient and dis-
torted due to the grossly inhomogeneous magnetic and RF
fields [48]. The transverse relaxation time (T2) for water in
porous media often increases with pore diameter [15, 56].
Figures 4 and ESM4a–c show that the pore size distribution
is rather broad for all plaster samples prepared, suggesting
that the CPMG time-series data are a mixture of exponen-
tially decaying signals with various T2 values. We employed
two models for the CPMG decay curve f (t) in the present
study. One is a simple bi-exponential model that is often

used to analyze CPMG data for heterogeneous multi-phase
samples [49, 60, 61]:

f (t) � Along exp(− t/T2long) + Ashort exp(− t/T2short ),
(1)

where t is time; Along and Ashort are the MR signal ampli-
tudes for the long and shortT2 components, respectively; and
T2long and T2short are the T2 values for the long and short T2

components, respectively. The four quantities (Along, Ashort,
T2long, and T2short) were determined using a conventional
least-squares method. We used the simple model given by
Eq. (1) to estimate the porosity of the six water-saturated
plaster samples.

However, more careful analysis is required to detect the
complicated changes in the pore size distribution caused by
pore water freezing. Thus, a multi-exponential model [11,
15, 16, 45, 56], which is more advanced, was employed for
the evaluation of the frost damage:

f (t) �
N∑

i�1

Ai exp(− t/T2i ), (2)

where Ai is the MR signal amplitude for the ith component
with a T2 value of T2i. The values of T2i are chosen so that
they are equally spaced on a logarithmic scale. In this study,N
� 200, and the maximum and minimum values of T2i were
taken to be 1952 and 0.75 ms, respectively. The software
program, UPEN [62], was employed to perform the inverse
Laplace transform in Eq. (2) to determine the two hundred
unknown quantities, Ai.

One of the fundamental MR properties, T1, was also
measured for the water-saturated plaster samples. The con-
ventional saturation recovery measurement [15] with N stack

� 70 was employed. A non-linear fitting method [63] was
applied to the recovery curve to obtain T1 values that were
used to correctly set the sequence repetition time, TR, to sat-
isfy the T1 full relaxation condition (i.e. TR > 5T1).

H2O–D2O mixtures have been employed to evaluate the
accuracy of the proton quantification of MR apparatus [53,
64, 65]. Thus, apart from the slaked lime plaster samples, 250
mL bottles of a H2O–D2O mixture with a slight amount of
CuSO4 were measured to examine the proton quantification
accuracy for the MR scanner in Fig. ESM5. The CuSO4-
doped water samples yield almost the same T2 values as
those for the water-saturated slaked lime plaster samples.
The detail of the proton relaxation mechanism for the pore
water in porous media is different from that for the CuSO4-
doped bulk water [15]. However, a homogeneous H2O–D2O
liquid mixture was chosen in the present study because it is
an ideal sample compared with the plaster samples, which
have a heterogeneous structure (see Fig. ESM4a–4c depict-
ing heterogeneous pore distribution) that could reduce the
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Fig. 6 Accuracy of water proton quantification by theMR surface scan-
ner obtained by CPMG measurements of CuSO4 aqueous solution
samples (H2O–D2O mixture). The calculated RMSE values for N stack
values of 6, 12, 24, 48, and 96 were 7.7, 2.4, 3.1, 1.5, 1.2 vol%, respec-
tively

estimation accuracy for the proton number in the sensed
region. The experimental procedure is described elsewhere
[53]. The linear dependence of the CPMG signal intensity on
the H2O volume fraction was examined for N stack � 6, 12,
24, 48, and 96.

3 Results

3.1 Measurements of H2O–D2OMixture

Rawdata examples from theCPMGmeasurements are shown
in Fig. ESM6a, and it can be seen that the signal intensity
depends on both the H2O volume fraction and N stack. The
signal intensity at t � 0 ms, Along + Ashort, was calculated by
fitting Eq. (1) to the CPMG data. The results, shown in Fig.
ESM6b, indicate reasonable linearity for the calibration line
for all five values of N stack.

The accuracy of water proton detection, shown in Fig. 6,
was calculated using the calibration lines in Fig. ESM6b.
The slight data-point fluctuation can be seen in Fig. 6, and the
RMSEvaluegenerally degrades as theN stack value decreases.
The H2O–D2Omixture samples measured are homogeneous
and contain no internal heterogeneity that reduces the accu-
racy of the calibration lines (see Figs. ESM4abs for the
example of the heterogeneous pore structure of plaster sam-
ples). Thus, the fluctuation of the data points in Fig. 6 are
probably due to the RF noise derived from the electronic
devices in the MR scanner and environment. The root mean
square error (RMSE) value forN stack � 96was as small as 1.2
vol%. It should be noted that this RMSE value is useful as the

basic performanceof theMRscanner representing the robust-
ness against the random RF noise only, excluding the effect
of the incompleteness of the sample. The RMSE value of 1.2
vol% is smaller than that of 1.6 vol% for N stack � 256 that
was obtained with a single-sided commercial MR scanner
(Bruker minispec ProFiler, investigation depth of approxi-
mately 3 mm) using the same 250 mL bottles of H2O–D2O
[53], suggesting that our scanner system equipped with the
two concentric ring magnets was well designed and con-
structed.

3.2 Measurements of Plaster Porosity

An example of the measurement results for a slaked lime
plaster sample is shown in Fig. 7. The sensed region in Fig. 7a
determined using the tentative signal cutoffs of 10% and 90%
[49, 53] is 16× 12 mm3. However, Fig. 2 and ESM3 suggest
that the sensed region seep out of the yellow dotted rectangle
in Fig. 7a. Thus, it should be noted that pore water located
out of the yellow dotted rectangle also contributes to the MR
signals acquired.

Two T1 values (i.e. 46 and 914 ms) were obtained using
the bi-exponential model for the recovery of the nuclearmag-
netization (Fig. 7b). It should be noted that even the longest
component (914 ms) satisfies the T1 full relaxation condi-
tion that the sequence repetition time (5 s) should be larger
than five times the T1 value, which is essential for reliable
porosity measurements using the CPMG method.

The CPMG data obtained under the T1 full-relaxation
condition were converted into porosity values (i.e. the water
volume fraction value of the saturated porous sample) as fol-
lows. An example of the CPMG data is shown in Fig. 7c and
ESM8, depicting the evident proton signal from the water-
saturated plaster sample B. Equation (1) was well fitted to
the CPMG data to obtain the sum of Along + Ashort, which is
proportional to the amount of water molecules in the sensed
region. For example, the quantity Along + Ashort was 554,000
for the 250mLH2O bottle sample (N stack � 768), and 28,700
for the water-saturated plaster sample in Fig. 3 (N stack �
96), with the data shown respectively in Figs. ESM8 and 7c.
Thus, the porosity of the plaster sample B was calculated to
be 28,700 × 768/(554,000 × 96)� 41.4 vol%, which agrees
well with the ground truth porosity value (43.6 vol%, see
Table ESM2) determined by the weight difference between
the dried and saturated states.

The results of the porosity measurements of the six water-
saturated plaster samples by MR scanning are summarized
in Fig. 8. Each sample was scanned twice, and thus the total
number of the data points is twelve for each N stack value.
The RMSE value for the twelve data points was 9.3, 7.2, 7.4,
3.3, and 1.9 vol%, for N stack � 6, 12, 24, 48, and 96, respec-
tively. Due to contamination by RF noise derived from the
electronic devices in the MR scanner and environment, these
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Fig. 7 Results for the slaked lime plaster sample B shown in Fig. 3.
a Two-dimensional X-ray CT image of the water-saturated sample
obtained by a medical CT scanner. The approximate locations of the
sensed region (16 × 12 mm) and the copper wire for the planar RF coil
when being measured in Fig. 5 are marked by a yellow dotted rectangle
and a line, respectively. b T1 relaxation process for the water-saturated
sample obtained by the saturation recovery method. A full-range plot is
shown in Fig. ESM7. A bi-exponential model (solid line) was fitted to
the recovery curve to obtain two T1 values, namely, 46 ms as a major
component, and 914 ms as a trace component. c T2 relaxation process
acquired by CPMG experiments for the water-saturated state for three
N stack values and for the dried state (Fig. ESM4a) for a single N stack
value. A full-range plot is shown in Fig. ESM8.A bi-exponential model,
given by Eq. (1), was fitted to the CPMG data for the water-saturated
state using the least-squaresmethod (solid line). The fitted values (Along,
Ashort, T2long, and T2short) for the three water-saturated samples were
(19096, 9595, 25.1 ms, 15.9 ms), (5372, 3299, 26.4 ms, 5.8 ms), and
(1134, 480, 27.3 ms, 22.9 ms) for N stack � 96, 24, and 6, respectively

Fig. 8 Accuracy of MR scanning for six water-saturated intact plaster
samples (samples A, B, C, E, F, and G listed in Table ESM2) for var-
ious N stack values. The horizontal axis is the porosity conventionally
obtained by weighing the difference between dried and water-saturated
plaster samples. Three error contours, corresponding to 0 and± 5 vol%,
are indicated by solid and dotted lines, respectively. The RMSE value
was 9.3, 7.2, 7.4, 3.3, and 1.9 vol% for N stack � 6, 12, 24, 48 and 96,
respectively

RMSE values increase with decreasing N stack, which was
also observed for the H2O–D2O mixture samples (Fig. 6).
Due to the signal stacking, the twelve data points forN stack,�
96 converge reasonably and are located very near the ground
truth line with 0% error in Fig. 8. This convergence on the
ground truth line suggests that the MR data acquired were
not biased and the experiments were performed in a reliable
manner. The RMSE value for the plaster sample is slightly
worse than that for the H2O–D2O sample for each N stack.
This is probably due to the difference in the H2O amount in
the sensed region (i.e. ≈ 44 vol% for the plaster vs. ≈ 100
vol% for the H2O–D2O mixture at the maximum) and to the
heterogeneity of the spatial pore distribution in the plaster
(Figs. 7a and ESM4a, b, c) as compared with the homogene-
ity of the H2O–D2O mixture.

3.3 Freeze–Thawing Experiments

The results of the freeze–thaw experiments were almost the
same for all five plaster samplesmeasured.The results for one
plaster sample are shown in Fig. 9, and those for a different
sample are shown inFig. ESM9.The results for the remaining
three samples were reported elsewhere [51].
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Fig. 9 Results of freeze–thaw experiments for a water-saturated slaked
lime plaster sample (sample L listed in Table ESM2). a Two-
dimensional X-ray CT images. The grey scales for the two images are
common. Almost the same location was scanned before and after the
freeze–thawprocessing. The approximate locations of the sensed region
(16 × 12 mm) and the copper wire for the planar RF coil when being
measured by the MR surface scanner are marked by a yellow dotted
rectangle and a line, respectively. While the length indicated by the yel-
low arrow is 38 mm before freeze–thawing, it increases to 44 mm after
freeze–thawing due to the freezing-driven pore volume expansion. b T1
relaxation dependence on the freeze–thaw processing. Note that the T1
relaxation after freeze–thawing is slower than that before freeze–thaw-
ing. A bi-exponential model (solid line) was fitted to the recovery curve

to obtain two T1 values, namely, 47 ms as a major component and
267 ms as a minor component before freeze–thawing, and 55 ms as a
major component and 306 ms as a minor component after freeze–thaw-
ing. c T2 relaxation process acquired from the CPMG experiments for
the water-saturated state with N stack � 96. Note the delayed T2 relax-
ation after freeze–thawing compared with that before freeze–thawing.
d T2 distribution for the time-series data in c. The areas of the two
distributions are the same. The complementary cumulative distribution
integrated from themaximum value of T2i is also plotted. The T2 values
on the horizontal axis are converted into the cylindrical pore diameter,
d, using d � 4r2T2 where ρ2 � 2.2 µm/s
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Example medical X-ray CT images of the plaster samples
are shown in Fig. 9a, demonstrating the effects of the freeze-
thaw processing. Bright and dark pixels in the CT images
correspond to local high- and low-density areas, respectively.
The plaster CT image after freeze–thawing is almost entirely
dark compared with the image before freeze–thawing, sug-
gesting that the plaster sample expanded due to freezing of
the porewater. The difference in the sample height before and
after freeze–thawing (i.e. 38 mm vs. 44 mm) also supports
this interpretation.

The T1 recovery curves for the plaster sample in Fig. 9a
are shown in Fig. 9b, and these also demonstrate the effects
of freeze–thawing. The T1 value for the pore water in porous
media increases with increasing pore size [11, 15]. Figure 9b
clearly shows that the T1 value after freeze–thawing is sig-
nificantly longer than that before freeze–thawing. This also
suggests that the pore size increased during the freeze–thaw
processing, consistentwith the observations shown inFig. 9a.

The CPMG data shown in Fig. 9c demonstrate that the T2

relaxation of the sample after freeze–thawing occurs more
slowly than that before freeze–thawing. This difference in
the T2 value observed in the time domain is depicted more
evidently in the T2 spectrum domain in Fig. 9d obtained by
fitting Eq. (2) using the UPEN program. Multi-component
T2 analysis (Eq. 2) withN � 200 reveals the fine structure of
the T2 distribution. As will be discussed in the next section,
the T2 value for porous media increases with increasing pore
size, and thus the T2 distribution can be converted into the
pore size distribution [11, 15]. The T2 distribution and the
corresponding complementary cumulative distribution shift
in the direction of increasing T2 after freeze–thawing in
Fig. 9d. This implies that the pore size increases during
freeze–thawing due to pore water freezing, which is con-
sistent with the results seen in Fig. 9a, b.

Mercury porosimetry was applied to the sample shown in
Fig. 9 after freeze–thawing to reveal the effects of freezing
on the pore size distribution for the samples kneaded at 41.2
wt% H2O. The results are shown in Fig. 4, and it can be
seen that a significant fraction of pores with a diameter of
approximately 1000–2000 nmbecome larger (approximately
2000 to 10,000 nm). This is consistent with the experimental
results shown inFig. 9, suggesting that pore expansion indeed
occurs due to the pore water freezing.

The results for another plaster sample are shown in Fig.
ESM9. All four panels (a–d) demonstrate again that the pore
size increased due to the freeze-thaw processing, consistent
with the results shown in Fig. 9. The effect of the N stack

value is shown in Fig. ESM10. The T2 distribution and the
complementary cumulative distribution in Figs. ESM10a and
ESM10b (N stack � 6) are slightly different from those in
Figs. 9d andESM9d (N stack � 96), respectively, probably due
to the random noise contaminating the CPMG time-domain
data (see Fig. 7c). However, Figs. ESM10a and 10b show

that the T2 spectrum and the complementary cumulative dis-
tribution after freeze–thawing shift in the direction of the T2

increase, suggesting again that the pore size increased dur-
ing freeze–thawing, which is consistent with the results in
Fig. 9d and ESM9d.

4 Discussion

4.1 MR Properties of Porous Plaster

The T1 and T2 surface relaxivities (ρ1 and ρ2, respec-
tively) are important fundamental properties of porousmedia
because ρ1 and ρ2 allow for the calculation of the T1 and T2

values, respectively, if the surface-to-volume ratio for the
porous media, (S/V )pore, is known [11, 15]. The relaxation
data for T1 and T2 obtained in the present study enable us
to calculate ρ1 and ρ2 for the water-saturated slaked lime
plaster samples as follows. By applying a mono-exponential
model (i.e.N � 1 for Eq. 2) to Figs. 7b, 9b, and ESM9b, three
T1 values were determined to be 46, 44, and 42 ms (average,
44 ms) for the intact plaster samples; three T2 values were
also determined based on Figs. 7c, 9c, and ESM9c to be 22,
18, and 19 ms (average, 20 ms) for N stack � 96. Accord-
ing to Fig. 4, the (S/V )pore is 2.3 × 107 1/m for the intact
sample kneaded with 41.2 wt% H2O. Thus, according to the
conventional method [11, 15], ρ1 was calculated to be 1/(44
ms × 2.3 × 107 1/m) � 0.99 µm/s, and ρ2 was calculated
to be 1/(20 ms × 2.3 × 107 1/m) � 2.2 µm/s for the intact
water-saturated porous plaster samples.

These ρ1 and ρ2 values are relatively small comparedwith
those for natural sedimentary rocks with paramagnetic iron-
bearing minerals [15] accelerating proton relaxation of the
porewatermolecules near themineral surfaces. According to
Fig. ESM4d, the main components in slaked lime plaster are
portlandite and calcite, which are both diamagnetic minerals
[39]. Generally,ρ1 andρ2 for diamagneticminerals are small
due to the absence of unpaired electrons [66–68]. Thus, these
small ρ1 and ρ2 values for the slaked lime plaster samples
are a consequence of this diamagnetic property of portlandite
and calcite.

The small ρ2 value enables us to convert the T2 distribu-
tion into a pore size distribution as follows [11, 15]. Applying
a cylindrical pore model to Fig. 4, the characteristic pore
diameter for the plaster sample is calculated to be 4/(S/V )pore
� 170 nm. Thus, the product of the pore diameter and ρ2, a
measure of the T2 relaxation effect on the solid-water inter-
face, is 170 nm× 2.2µm/s� 3.7× 10−13 m2/s. Because it is
much smaller than the self-diffusivity of water molecules at
room temperature (≈ 2 × 10−9 m2/s), the T2 relaxation for
pore water is under the fast-diffusion regime, which allows
for the conversion of the T2 value into pore diameter, d, as
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d � 4ρ2T2 [11, 15]. This conversion is implemented in the
horizontal axes of Figs. 9d, ESM9d, and ESM10ab.

4.2 Porosity Measurements

The experimental results in Fig. 8 show that accurate mois-
ture quantification was performed successfully for the intact
water-saturated slaked lime plaster samples using the con-
structed sensor unit. TheRMSEvaluewas 1.9 vol% forN stack

� 96, which is almost the same as that reported for porous
sedimentary rocks using different single-sided MR scanners
[15, 42, 69]. Thus, the performance of the sensor unit (Fig. 1)
with a carefully designed magnetic circuit (Fig. ESM2) is
reasonable, and the single-sided MR scanner system (Fig.
ESM5) is a promising non-destructive tool for in situ mois-
ture quantification of heritage architecture made of slaked
lime plaster (e.g. walls and roofs).

Because ρ2 values depend on the chemistry and mineral-
ogy of the porous media [15, 66–68], T2 values of the CPMG
data also depend on those of building materials. However, it
should be noted that the calibration line (i.e. solid line as the
ground truth) in Fig. 8 was drawn using only the signal inten-
sity for the reference sample of bulk water as 100 vol%H2O.
Thus, the calibration line in Fig. 8would be also applicable to
the porosity measurements of building materials other than
slaked lime plaster (e.g. stones and bricks) [16, 19, 42, 43,
45–47].

The scanner systemwith themobile sensor unit is portable
and works with an AC 100-V power supply. The next step
would be to operate the scanner in open-air conditions. Out-
door experiments are currently in progress [51], and the
preliminary results have shown promise. For example, the
same plaster sample as that in Fig. 3 was measured success-
fully outdoors, as shown in Fig. ESM11. Thus, the results
demonstrate that the portable MR surface scanner could be
used as a non-destructive testing tool for the in situ moisture
measurement of heritage architecture in open-air conditions.

One potential use of the MR surface scanner in the open
air is to monitor the drying of building materials [8], for
example, the drying of fresh wet plaster in construction man-
agement for the remediation of architectural features such as
castle walls. The Ca(OH)2 grains in the plaster react with
the atmospheric CO2 to form CaCO3 grains, which causes
mechanical hardening of the plaster [28–30, 33]. The mois-
ture in the porous plaster is critical because water-filled
pores inhibit the reaction of Ca(OH)2 and CO2, resulting
in delayed hardening. Preliminary laboratory experiments to
monitor a drying plaster plate sample was performed using
the system in Fig. ESM5 [51]. As the drying process pro-
ceeds, the four quantities (Along, Ashort, T2long, and T2short) in
Eq. (1) decreased, yielding CPMG signals with worse signal-
to-noise ratios. However, the results indicated a good linear
relationship between the decreasing MR signal intensity (i.e.

Along +Ashort) and the decreasing plate weight. These prelim-
inary results suggest that the MR surface scanner is suitable
for monitoring the drying of fresh wet plaster in construction
management of heritage architecture.

The following three items, (i) to (iii), should be noted as
the further research steps for the practical use of the MR
scanner for the maintenance and remediation of the heritage
architecture.

(i) Downsizing The console system (Fig. ESM5) was orig-
inally developed for the measurements of live cattle at
cowsheds with an investigation depth of 3 cm [49]. Thus,
it is overengineered for the shallower investigation depth
of approximately 1 cm (Fig. 2). The console is large and
as heavy as ≈ 120 kg, making it difficult to use on small
scaffolds at construction sites of the heritage architecture. It
would be technically possible to downsize the console by
replacing with a small laptop computer and a lightweight
NMR amplifier [60].

(ii) Relaxivity measurement Even if the building material
of the heritage architecture is not slaked lime plaster, the
water volume fraction could be accurately quantified using
the single-sided MR scanner without the information of the
ρ2 value that depends on the chemistry and mineralogy of
the building material [16, 19, 42, 43, 45–47]. However, the
measurement of the ρ2 value is essential to convert the T2

distribution into the pore size distribution using d � 4ρ2T2

(Figs. 9 and ESM9 and 10). The surface relaxivity value
determined in the present study (i.e. ρ2 � 2.2 µm/s) is valid
only for the plaster powder product. The ρ2 value depends
on the chemical and mineral compositions (e.g. contents of
iron-bearingparamagneticminerals) of the porousmedia [15,
66–68]. Thus, when applying theMR scanner to the pore size
distribution measurement of building materials other than
slaked lime plaster, laboratory measurements of the ρ2 value
for the building materials are needed for the accurate conver-
sion of the T2 distribution into the pore size distribution.

(iii) Reduction of the measurement time The reduction of
the measurement time, approximately calculated as TR ×
N stack, required for CPMG data acquisition for a single area
is a key to enabling rapid moisture mapping of the large
walls and roofs of heritage architecture. The following three
items, (a) to (c), should be noted with respect to the measure-
ment time reduction: (a) The environmental RF noise shield
with the metallic Faraday cage is effective for the improve-
ment of the signal-to-noise ratio of the raw CPMG data [70],
resulting in the reduction of the number of stacked signals,
N stack. The current RF shield using the conductive shield
cloth (Fig. 5) is insufficient because only a single face (i.e.
bottom face) of the magnetic circuit is covered. The full-
face shielding of the sensor unit using conductive copper
films is being performed (unpublished data). The preliminary
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results show that the random noise level in the CPMG data
is successfully reduced to approximately 50%, which would
contribute to the reduction of N stack to approximately 25%.
(b) A trace component as long as T1 � 914 ms is observed
in Fig. 7b using a bi-exponential analysis, which leads to TR
� 5 s in order to meet the full relaxation condition in the
present study. According to the recovery curve in Fig. 7b,
however, the contribution of the trace component is small,
and the nuclear magnetization almost completely recovers
within several hundred milliseconds (see also Fig. ESM7).
Almost all of the nuclear magnetization recovers within a
second even for samples after the freeze-thaw processing
(Figs. 9b and ESM9b). Thus, measurements with TR ≈ 1 s
could be acceptable for practical use, whichwould reduce the
measurement time greatly. (c) The N stack value required for
the accurate porosity measurement depends on the intensity
of the environmental RF noise. For example,N stack � 96 was
required to obtain RMSE � 1.9 vol% (Fig. 8) in the noisy
laboratory (Fig. ESM5) where many electronic devices were
working. Fortunately, in contrast, according to the results
from the preliminary experiment in open-air conditions, the
noise level was significantly smaller than in the laboratory
(Fig. ESM11c). Thus, if the heritage architecture is located in
a quiet place or the countryside, as was the case for the mea-
surements shown in Fig. ESM11, the RF noise is minimal,
and we could choose a smaller value for N stack, resulting in
a reduction of the measurement time.

4.3 Detection of Frost Damage

All data formercury porosimetry (Fig. 4),X-rayCT (Figs. 9a,
ESM9a), T1 recovery (Figs. 9b, ESM9b), and T2 relax-
ation (Figs. 9c, d, ESM9cd, and ESM10ab) show that pore
expansion occurred in the slaked lime plaster samples due
to the frost damage simulated in the laboratory. Particularly,
Figs. 9d, ESM9d, andESM10ab revealed that theT2 distribu-
tion after freeze–thawing is rather different from that before
freeze–thawing. The present study demonstrated for the first
time that the noisy CPMG data acquired using a single-sided
MR scanner is useful for detecting the change in pore size
caused by pore water freezing for slaked lime plaster. Thus,
the use of the MR scanner developed is promising for the
in situ detection of frost damage, such as in heritage archi-
tecture in cold regions.

The following two items should be noted. (i)Generally, the
signal-to-noise ratio for the single-sidedMRscanner isworse
compared with that for the bi-lateralMR apparatus [53]. As a
result, a long measurement time (i.e. 485 s) with N stack � 96
was required to ensure the RMSE value of 1.9 vol% (Fig. 8).
However, Fig. ESM10 shows that N stack � 6 (i.e. 35 s) is
sufficient for the qualitative detection of the frost damage.
This would contribute to the reduction of the measurement
time for the practical use in the constructionmanagement. (ii)

It should be noted that a single freeze-thaw cycle yielded a
detectable serious damage in the plaster samples (Figs. 9 and
ESM9). In contrast, no serious frost damage was detected
after a few cycles for concrete samples much harder than
plaster samples [71]. Thus, careful monitoring of the frost
damage is required for the remediation project of heritage
architecture using fresh wet slaked lime plaster [54] in cold
regions.

The plaster samples showed homogeneous pore volume
expansion, as depicted in Figs. 9a and ESM9a, in the present
study. Another type of sample expansion, heterogeneous vol-
ume expansion, (i.e. cracking) could be induced by frost
damage [38]. The single-sided MR scanner can also detect
the formation of such cracks if the cracks are located in the
sensed region of the sensor unit. This is because the T2 value
for water protons in a crack with an aperture larger than a few
millimeters is significantly larger than that in themicroscopic
pores in intact plaster.Although the fast-diffusion regime [11,
15] breaks down for these cracks, careful analysis of the T2

distribution [72] would allow for the estimation of the aper-
ture size for water-filled cracks hidden beneath the surface
of plaster walls and roofs.

In the present study, a single-sided MR surface scan-
ner was successfully used to detect frost damage (Figs. 9,
ESM9, and ESM10) in slaked lime plaster samples. MR
scanning using the CPMGpulse sequence followed bymulti-
exponential analysis could also be performed for building
materials different from slaked lime plaster [14, 16, 17,
19, 20, 40–45], namely, natural stone, cement, and gypsum
plaster. Thus, the single-sided MR scanner may also be a
promising tool for the non-destructive in situ detection of
frost damage in heritage architecture made of various kinds
of building materials in cold regions.

5 Conclusions

A mobile MR sensor unit employing two concentric
ring magnets was designed and constructed for the non-
destructive in situ quantification of the moisture in plaster
walls and roofs of heritage architecture. Laboratory experi-
ments on water-saturated porous slaked lime plaster samples
were performed. The porosity (water volume fraction) and
the fundamental MR-related property, surface relaxivity,
were measured successfully for the samples. The effects of
frost damage on the sample volume expansion induced by
pore water freezing was also measured successfully using
T2 relaxometry. These results demonstrate that the MR
surface scanner is a promising non-destructive tool for the
maintenance and remediation of heritage architecture made
of slaked lime plaster (e.g. monitoring of drying of fresh wet
plaster in construction management and detection of frost
damage).
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