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ABSTRACT

The conservation of cultural built heritage is crucial because
of its historical, cultural and architectural significance. Water
or moisture can cause severe damage, which can lead to dete-
rioration. Therefore, estimating moisture content (MC) using
non-destructive techniques is essential to ensure the conser-
vation of these sites. Hyperspectral imaging (HSI) has been
widely used in various fields, but its application in estimating
MC in cultural built heritage materials has received limited
research. This exploratory study investigates the potential of
HSI for estimating MC by preparing a comprehensive hyper-
spectral dataset in the Short-Wave Infrared (SWIR) from six
natural and historical stones at five different saturation lev-
els. To estimate MC, a recently developed quantitative ap-
proach, the Normalized Relative Arc Length method was ap-
plied. The results showed high accuracy (RMSE of less than
5%) in the estimated MC, underscoring the reliability of HSI
in this context.

Index Terms— Moisture content, Hyperspectral Imag-
ing, Building Physics, Damage Monitoring

1. INTRODUCTION

Built heritage structures face significant environmental dam-
ages, with water being the primary driving force [1]. Among
these environmental damages, frost damage [2], salt crystal-
lization [3], and biological growth [4] are the most important
[5]. Therefore, it is important to study the effect of moisture
on built heritage, for its preservation.

Traditionally, techniques to measure MC in heritage struc-
tures have been destructive [6]. The most reliable methods
involve collecting samples from sites, measuring their ini-
tial weight, and placing them in an oven until all moisture
evaporates [7]. The difference between the initial and final
weight provides information about the sample’s MC [7]. Even
though this is the most reliable approach, it is time-consuming
and unrealistic in real-life scenarios [8]. Therefore, there is a
strong preference for non-destructive sensing techniques to
estimate this parameter [9].

Non-destructive techniques are essential for evaluating
structural integrity and material properties without caus-
ing damage [10]. Point-based methods, such as ultrasonic
testing[11] and moisture meters [12] provide localized infor-
mation by analyzing specific points within the material [13].
Despite their effectiveness in detailed localized analysis,
point-based techniques often fail to capture broader patterns
of damage or moisture distribution [13]. Imaging-based tech-
niques, including radiography [14], thermography [15], and
HSI [16] provide extensive visual data on internal and surface
conditions, allowing the identification of defects and mois-
ture variations over large areas. Imaging-based techniques
excel for their extensive coverage and extensive material as-
sessment. This is crucial for the estimation of MC, where
uniformity and distribution are essential.

HSI captures detailed spectral information over a wide
range of wavelengths, providing comprehensive data on the
condition of materials. In the field of cultural heritage, HSI
has emerged as a powerful non-destructive image-based de-
tection technique for investigating environmental damages in
built heritage [16]. Due to the strong absorption capacity
of water in the SWIR range, from approximately 1000 nm
to 2500 nm, SWIR hyperspectral imagery has been applied
to assess water damage in built heritage [17]. Because es-
timating MC in built heritage structures is crucial for effec-
tive conservation strategies [16], HSI offers powerful capabil-
ities for both qualitative and quantitative assessment thereof
in historical building materials. While qualitative methods
provide visual and comparative data that can highlight areas
of moisture presence, quantitative methods provide accurate
measurements of moisture levels, allowing for detailed analy-
sis and monitoring. Therefore, quantitative methods that can
estimate MC are crucial for the effective conservation of built
heritage. However, within the domain of cultural built her-
itage, the adoption of such techniques remains remarkably
limited.

In the field of remote sensing, empirical [18] and physi-
cal modeling [19] approaches have been applied to estimate
MC of different soil types, and face recurring challenges as-
sociated with differences in viewing angles, illumination con-
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ditions, and sensor types during data acquisition. In contrast
to existing methods, an efficient quantitative method has re-
cently been proposed in [20] that accurately estimates the
MC of soil samples with an approach invariant to illumina-
tion conditions and sensor type. Therefore, in this work, we
will employ this method to estimate the MC of built heritage
structures.

To the best of our knowledge, this is the first time that a
comprehensive attempt has been made to explore the poten-
tial of HSI to estimate the MC in natural stones and historical
stones in the field of cultural built heritage. To this end, an
extensive laboratory experiment is set up to acquire HSI data
from six different stone types under varying moisture condi-
tions. From these data, MC is estimated using the approach
of [20]. Validation is performed by comparing to ground truth
MC obtained by the gravimetric method. The remainder of
this paper is organized as follows: Section 2 covers sample
description, preparation, and acquisition. In section 3, we ex-
plain the methodology used in this research. The experimen-
tal results and discussion are detailed in the section 4. Finally,
the conclusions and future work are drawn in the concluding
section.

2. MATERIALS

2.1. Material Description

In this exploratory study, we extensively investigated five dif-
ferent stone types and one stone-like material: Savonnières,
Massangis, and Euville (French limestones), Neubrunner
and Obernkirchener (German sandstones), and a historic
red brick sourced from the archaeological Kipdorp site in
Antwerp. The RGB images of these materials are shown in
Fig.1 (left side). To assess material variability, six samples
were made from each material. The stone samples were cubes
of 6×6×6 cm3, while the red brick samples were approxi-
mately 3.5×5.5×6.5 cm3 in size. A total of 36 samples were
analyzed, of which 30 were stone samples and 6 were red
brick samples.

2.2. Sample preparation

The samples were first fully saturated (100%) under vacuum
following the procedure described in the standard NBN EN
1936:2007 for 48 hours to ensure homogeneous moisture dis-
tribution. The actual MC (g/g × 100) of a saturated sample
is given by the mass of water over the dry mass of the sam-
ple. After fully saturating the samples, the MC of each sample
was gradually reduced using an oven at 60°C. Then, samples
with different saturation levels (90%, 75%, 50%, and 25%)
were produced. For example, to achieve 75% saturation, the
samples were oven-dried from their fully saturated state to a
mass corresponding to 75% MC. Once the desired saturation
level was reached, the samples were wrapped in parafilm for
48 hours to ensure a homogeneous distribution of MC in the

(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

(k) (l)

Fig. 1. The RGB image of the stones: (a) Red Brick, (c)
Euville, (e) Massangis, (g) Neubrunner, (i) Obernkirchener
and (k) Savonnières; their measured reflectance spectra and
corresponding MC are shown in (b), (d), (f), (h), (j) and (l)
respectively.
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samples. This process was carefully repeated for all specified
saturation levels.

2.3. Acquisition Setup

To acquire hyperspectral images of the prepared samples, in
this work we used a Snapscan SWIR hyperspectral camera
manufactured by Imec. The Snapscan SWIR camera operates
from 1100 to 1670 nm, capturing data over 100 spectral bands
with a spectral resolution of approximately 5 nm. The spatial
resolution of the image is approximately 0.5 mm. All sam-
ples were positioned consistently and scanned from the same
side to ensure uniformity in data collection. Four halogen
lamps, placed at a 45-degree angle to the hyperspectral cam-
era, provided uniform illumination to reduce shadows and in-
crease brightness. Unlike traditional push broom systems, the
Snapscan camera uses an internal sensor motion mechanism
to capture a static, full image frame of the sample, improving
spatial resolution and simplifying the setup. The measured
reflectance spectra of the materials and their corresponding
MCs (see colorbar) are shown in Fig.1 (right side). The spec-
tral reflectance for each sample was obtained by taking the
average of all pixels of the entire image. It can be observed
that the reflectance of the moist samples is predominantly in-
fluenced by water, a critical factor in accurately estimating
the MC of moist materials. A key aspect of the study was
the effort to homogenize the samples, which significantly re-
duced the variability in spectral reflectance across different
regions of the same sample with similar MC. This uniformity
in spectral reflectance suggests that the porosity and pore size
distribution within the same material were consistent, validat-
ing the preparation protocols used to ensure homogeneity. By
acquiring hyperspectral images of all 36 samples under six
different moisture levels, we were able to prepare a compre-
hensive hyperspectral dataset to explore the potential of HSI
to estimate the MC in natural and historical stones.

3. METHODOLOGY

To analyze the reflectance spectra of our dataset samples and
estimate their MC, we employ a comprehensive and techni-
cally rigorous methodology proposed in [20]. The proposed
method i.e., Normalized Relative Arc Length (NRAL) as-
sumes that the spectral reflectance of a moist sample can be
described as a binary mixture of two endmembers: the spec-
tra of an oven/air-dried sample and a fully saturated sample.
Estimating the moisture content of a moist sample then boils
down to determining the relative position of the sample on
the curve whose extremes are spanned by two endmembers.
A detailed description of the methodology is provided in [20].

4. RESULTS AND DISCUSSION

The error metric used in this work is the Root Mean Square
Error (RMSE) between the estimated MC (M̂C) and the mea-
sured MC (MC):

RMSE =

√√√√ 1

n

n∑
i=1

(MCi − M̂Ci)2 (1)

where n is the number of sample spectra, MCi is the mea-
sured MC and M̂Ci is the estimated MC.

(a) (b)

(c) (d)

(e) (f)

Fig. 2. Measured vs Estimated MC of natural and histor-
ical stones: (a) Red Brick, (b) Euville, (c) Massangis, (d)
Neubrunner, (e) Obernkirchener and (f) Savonnières - sam-
ple with 100% saturation level sample as endemember.

We applied NRAL to the prepared dataset. Fig. 2 shows
the scatterplots of the estimated versus the measured ground-
truth MC. The (1 : 1) line along with the lines denoting a 2
g/g×100 deviation are shown. As can be observed, NRAL
accurately estimated MC from the reflectance spectra. The
estimated values of the MC demonstrated high precision, with
errors that generally ranged between 1-2 g/g × 100. This level
of precision highlights the reliability of hyperspectral imaging
for estimating MC.

From Fig. 1, it can be observed that the samples of 90%
saturation level have lower reflectances compared to the sam-
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(a) (b)

(c) (d)

(e) (f)

Fig. 3. Measured vs Estimated MC of natural and histor-
ical stones: (a) Red Brick, (b) Euville, (c) Massangis, (d)
Neubrunner, (e) Obernkirchener and (f) Savonnières -sample
with 90% saturation level sample as endemember.

ples of 100% saturation level. We have no satisfactory ex-
planation for this non-physical behavior, and it requires fur-
ther examination. In a follow-up experiment, we replaced the
sample of 100% saturation level with the sample of 90% sat-
uration level as endmember. As can be observed from Fig. 3,
this replacement improved the performance of NRAL.

It is interesting to observe that the performance of NRAL
reduces for samples with lower MC. This can be partially at-
tributed to the inconsistency between the estimated MC from
surface reflection and the bulk MC of the samples. The intrin-
sic limitation of spectral reflectance for MC estimation is that
it only contains information from a thin top layer of the sam-
ples, typically 100 − 300µm. The information contained in
the reflectance spectra matches with the bulk ground truth MC
only when the sample is homogeneous and water is homoge-
neously distributed in the sample. Achieving homogeneity
in these samples proved difficult due to the small amount of
water available to uniformly fill all pores.

5. CONCLUSION

To conclude, this work presents a comprehensive hyperspec-
tral dataset prepared from 36 cultural heritage samples un-
der varying moisture conditions, aiming to explore the po-
tential of HSI for estimating the MC in natural and histori-
cal stones. The data was acquired in the SWIR range due
to the high absorption feature of water in that range. The
NRAL method was employed to estimate the MC from the
spectral reflectance. Validation was done by comparing the
results with ground-truth MC from the gravimetric method.
The results demonstrated high precision in the estimated MC
values, with RMSE values generally ranging between 1-2 g/g
× 100, highlighting the reliability of HSI in estimating MC.

Inconsistencies were noted in the spectral reflectance of
fully saturated samples compared to other saturation levels,
underscored the need for further investigation of the spec-
tral characteristics of fully saturated samples. Despite ro-
bust sample preparation protocols, for samples with low MC,
achieving homogeneity proved difficult, making MC estima-
tions less reliable.
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