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ABSTRACT

Monitoring surface moisture content (MC)is a required activity and a topic of current interest in conservation studies. The present work examines the possibility of
using the spectral reflectance factor at 970 nm (R;970) for the noninvasive quantitative determination of surface MC in building materials. Indeed, the quantification
of surface liquid water by optical measurements is poorly exploited on porous media despite it is well documented in many remote sensing technologies such as in
agriculture, soil science and some industrial application. The measurements apparatus is tested in a laboratory experiment on different specimens of building mate-
rials. The custom-made detector is a Si-core Avalanche Photo Diode (APD) operating in Geiger mode which satisfy the requirements of non-invasiveness and ease of
use with the additional opportunity for developing economic, automated and reliable solutions. The results obtained for six representative cultural heritage building
materials clearly show the dependence between R;970 and surface SMC: R;970 increases as surface MC decrease following the drying process of an unsaturated
porous matrix i.e. evaporative flux supported by capillary pumping. This work reports the possibility to use the reflectance value at a specific wavelength for an
alternative and non-invasive measurements of MC.Keywords NIR spectroscopy; water absorption; moisture content; building materials.

1. Introduction

The deterioration and degradation of materials surface in historic
construction is often linked to the presence of water [1]. Indeed, many
forms of decay are related to the content of water inside a material,
e.g. freeze-thaw cycles and salts crystallization cycles. For this reason,
the accurate assessment of moisture content (MC) of porous materials
is needed. Most of the deterioration processes involve the transport of
gases, liquids and ions and the moisture level plays a crucial role in
all these processes and their comprehension is of the utmost impor-
tance in any methodology of moisture content measurement [2]. This
study examines the possibility of using a characteristic absorption band
of liquid water in the near infrared at 970 nm (R;970) for a quantita-
tive determination of the surface moisture content (MC) in porous me-
dia. The definition of a standard procedure for the determination of sur-
face MC in historical materials is currently an open challenge in con-
servation studies [3]. Non-invasive and non-destructive measurements
are preferable in cultural heritage applications due to the high rele-
vance of the objects. To extend the measurements on the largest number
of objects, the methodology should also ideally be cheap, easy to per-
form, reproducible and non-invasive. In addition, it would be desirable
that the measure methodology is able to quantitatively and continuously
measure MC. Indeed, the establishment of thermohygrometric cycles
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or abrupt changes in MC must be monitored, since they are extremely
harmful for the materials conservation. It is also necessary to understand
the advantages and disadvantages of this specific methodology since it
provides a superficial information i.e. surface moisture content. Actu-
ally, the moisture distribution along the thickness of a wall is spatially
heterogeneous [4]. The study of the external layers of the material is
however crucial in evaluating the decay processes due to water transport
phenomena in between material microstructure and environment [5]. If
the increase of moisture is detected before the visible effects occur, then
early conservation procedures can be started. It must be remarked that
the quantitative determination of MC in common porous geomaterials is
strictly connected with the determination of the material's porosity and
water pathways [6]. Indeed, the study of porosity, and hygric properties
of building materials is a fundamental step for evaluating their state of
conservation and planning correct restoration projects [7].

2. Moisture content measurements in cultural heritage

The visualization of the spatial and temporal distribution of MC
is very useful to test and predict the time dependant behaviour and
degradation processes of weathered structures and the performance of
materials used for restoration [6]. The methods currently used to de-
termine MC can be divided in two categories: destructive methods
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and non-destructive methods. Destructive methods require the sampling
of the material while non-destructive methods do not require interven-
tion in the structure of the object. Moisture content (MC) is the quantity
of moisture inside a material as a result of exchange between the mater-
ial and the surrounding environment [8]. It is classically gravimetrically
defined as the percentage ratio between the mass of water (m,,) inside a
material and the mass of the dry material (m,) itself:

m,
MC= —-100
my

The moisture content of a material is determined by its hygroscopic-
ity and varies with the microenvironmental conditions. Recently a new
standard for the determination of moisture content specifically intended
for the application on cultural heritage has been developed. The stan-
dard EN 16682 — Conservation of Cultural Heritage — Methods of mea-
surements of moisture content, or water content, in materials constitut-
ing immovable cultural heritage establishes priorities between methods
[3]. Despite the existence of this standard, there are only few studies
in the literature that exploit the optical reflectance measure of MC on
porous materials with reference to building materials and cultural her-
itage. The most popular methodologies for the measurement of MC have
been well described in [1,3,8-10].

2.1. Optical reflectance for the determination of moisture content

Optical remote sensing is an interesting methodology to measure sur-
face MC at high spatial and temporal resolution since water in the outer
pores causes a change in scattering and absorption of light [11]. Usually
reflectance measurements assume that the reflectance of a moist mater-
ial decrease in the near infrared as the MC increase [12]. It is expected
that measuring the spectral reflectance factor in specific bands it is pos-
sible to estimate the material's surface MC [13]. Some authors have ob-
served the change in spectral reflectance of porous media such as soil or
building materials and they have found empirical predictive relationship
between surface MC and R, that however are generally influenced by
the nature of the solid material itself [14,15]. Pure liquid water in NIR
shows five predominant absorption bands at 760 nm, 970 nm, 1190 nm,
1450 nm, 1940 nm [16]. The present study considers the 970 nm ab-
sorption band that is attributed to a combination of symmetric and
asymmetric stretching of the molecules (av; + bvs, where a + b = 3)
[17]. Indeed, one of the main advantages of working in this region of
the spectrum is the possibility of using a Silicon solid state detector, that
is cheaper than other detectors working in longer wavelength ranges.
The determination of relative reflectance values implies that for each
type of material a dry reference spectrum is available, so each further
surface MC estimation based on the relative reflectance approach relies
on the existence and the accuracy of the reference reflectance spectrum
[12]. However, if the surface changes over time, the optical properties
of that dry surface could be affected, leading to drift in measurements
[9]. In this context, the possibility of using a reference material of the
same type to obtain reference curves without sampling should be eval-
uated. A high spectral reflectance factor difference between saturated
and dry state is needed for the distinction of intermediate moisture lev-
els. Otherwise, it would require very accurate radiometric calibration,
also considering other parameters affecting surface reflectance (e.g. min-
eral composition, pore size distribution, surface roughness, coatings and
above all different colours) that may vary under field conditions [11].
Usually a normalized absorption band depth is utilized as reference since
this approach is independent to the materials characteristics and only af-
fected by the presence of water. However, this approach cannot be used
at 970 nm since the optical path length in common geomaterials is short
with respect to the attenuation length of water at this wavelength [14].
Optical sensing has both advantages and disadvantages: this methodol-
ogy is able to identify the moist areas independently to the surface tem-
perature in a non-invasive way, on the other hand radiation in the visi-
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ble and near infrared does not penetrate materials beyond the surface
layer, generally consisting of some microns [14]. This limited penetra-
tion is balanced by the ability to take observations at high spatial reso-
lution over large areas.

3. Materials and methods
3.1. Specimens

Cultural heritage materials are very heterogeneous. Six different type
of representative building materials with a wide range of hygroscopic
parameters have been considered: stone, brick and two plasters further-
more we tried to study the behaviour of wooden materials such as hard-
wood and softwood. Ten specimens for each type of material were pre-
pared. The specimens were cylinders with a known and defined geome-
try and similar dimensions. Stones and bricks samples (MB and LT) were
obtained with a 2.7 cm external diameter hole saw obtaining a final di-
ameter of 2.5 cm. Mortars (MA) and plasters (IC) samples were prepared
in wooden moulds of 2.5 cm diameter.

Wood specimens (PS and SM) are taken from planks of solid wood
with a 3.0 cm external diameter hole saw with a final diameter of
2.7 cm. PS is made of pine wood and SM is made of Mahogany wood.

The mean values of volume (V), density (p4r,), imbibition capacity
(CD and open porosity (WIP) for the 10 specimens and for each mate-
rial are reported in Table 1. The water imbibition capacity (CI) is de-
fined by the standard UNI Normal-7/81 [18]. WIP is determined us-
ing the saturation or immersion technique which determines the open
porosity of a material by saturating a specimen with a liquid of known
density and calculating the pore volume from the weight difference be-
tween the fully saturated and dry state as described in [19]. As can
be noted, marble (MB) has the higher Pdry and the lower CI and WIP.
Wood specimens presents the higher imbibition capacity and lower dry
density: Brick (LT), mortar (MA) and plaster (IC) have similar values of
dry density and imbibition capacity. In Fig. 1 it is possible to observe
the dependence of the porosity (WIP) to the dry density of the materi-

Table 1
Sample mean and standard deviation of volume, dry density, imbibition capacity and open
porosity of each type of material.

Specimens V(cm 3) pary (8/cm 3) CI (%) WIP (%)
MB 7.72 = 0.07 2.65 + 0.02 0.52 + 0.13 1.58 = 0.50
LT 7.94 = 0.14 1.85 = 0.02 16.63 *= 0.11 30.92 = 0.36
PS 10.01 = 0.23 0.57 = 0.02 131.64 = 4.50 75.25 = 2.10
SM 9.86 + 0.31 0.62 + 0.02 86.69 + 2.61 53.67 = 1.84
MA 11.31 = 0.76 1.63 = 0.06 19.68 = 0.62 29.52 + 1.32
IC 10.43 = 0.60 1.48 = 0.04 20.67 = 0.38 30.12 = 0.92
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Fig. 1. Relationship between open porosity (WIP) and dry density. increasing the dry den-
sity, the WIP decreases’.
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als. Because of swelling of wood specimens due to water imbibition we
used for WIP determination the volume in saturation condition.

Surface MC was measured with the help of a non-invasive reflectance
measurement device. The optical detector was a custom-made photon
counting system based on a silicon APD (C309021S, Perkin Elmer Op-
toelectronics, Canada) operating in Geiger mode already developed in
[20,21]. The APD was characterized by a quantum efficiency (QE) curve
extending beyond 1000 nm. The package of the detector chip contained
a light-pipe (core diameter 0.25 mm, numerical aperture 0.55) which
fell within the active area of the detector, allowing efficient coupling
with the optical fibre. During operation, the APD was cooled down to
a temperature of approximately —19 °C by means of a two-stage Peltier
thermoelectric cooling system. The operating temperature was moni-
tored by a K-type thermocouple (Analog Devices Inc., MA, USA) posi-
tioned in the detector chip support. A specific circuit was implemented
to quench and digitalize the APD breakdown pulse. A data-acquisition
device (DAQ USB-6000, National Instruments, TX, USA) was used to ac-
quire the count rate, together with the thermocouple output. A specific
program was implemented in the LabView environment (National In-
struments) to process and analyse the signals. An optical fibre conveys
the light from the light source to the specimen and another one takes
the reflected light from the specimen to the detector. A band-pass filter
with centre peak wavelength at 970 nm (Thorlabs GmbH) and FWHM
of 10 nm is placed at the entrance of the detector. This is necessary for
measuring the reflectance only in the water characteristic absorption
band at 970 nm.

3.2. fibre-holder and light source

To ensure repeatable measurement conditions a fibre-holder in black
polylactide (PLA) have been designed and 3D-printed. The fibre-holder
has three holes for the accommodation of the optical fibres at —45°,
0°, 45° with respect to the normal. The base has a 6 cm diameter hole
that forms a cylindrical black box allowing to host the specimen and
to perform the measurements without saturate and damage the highly
sensitive photodetector. The light spot area on the specimen is about
7 cm?. The light was brought to the specimen with an optical fibre at
45° with respect to the normal. A 0° fibre optics conveyed the reflected
light to the detector through the 970 nm bandpass filter. The measure-
ment geometry was 45°x:0° The specimen during the measurements was
housed in a hole of the base with a diameter of 3 cm and a depth of
2 cm to ensure to measure only the whole specimen's surface. The light
source was an incandescent bulb HL-2000-FHSA and the reference ideal
diffusor was a Spectralon® white standard (Labsphere).

3.3. Spectral reflectance factor measurements

The spectral reflectance factor (R;) is the ratio of the reflected radi-
ant flux in a given solid angle centred at the centre of the sampling aper-
ture on the surface of the specimen and the one reflected in the same
direction by an equally illuminated ideal reflective diffuser. The percent-
age spectral reflectance factor (R;) is calculated as follows:

Rﬂ — Cx — Cblack 100

Cstanda.rd - Cblack

Where C, are the photons counted by the detector at different MC, Cpjack
are the dark counts and Cgandarq are the counts on the reflectance stan-
dard. The reflectance measurements were performed on all the sixty
specimens described in Section 4. Specimens were monitored from fully
saturated to dry state twice a day for 5 days by gravimetry (para-
graph 3.2.4) and optical reflectance measurements. Saturation occurred
by total immersion in deionised water until the constant mass have
been reached. Each specimen was then covered with Parafilm M leav-
ing only one face free to ensure evaporation and transport of water
only in one direction. The drying of the specimens was carried out in
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a climatic chamber at t = 25 °C and RH = 50% with moderate ventila-
tion of about 5 m/s. Each measure is the average of 30 s of data acqui-
sition for the following drying steps: 12 h, 24 h, 36 h, 48 h, 60 h, 72 h,
84 h, 96 h. To avoid errors in the measurements due to an instrumental
drift and to have comparable data between the various specimens the
Chlack and Cgandard Were measured before and after each counting acqui-
sition. The complete dry-state measures were acquired after oven-dry-
ing the specimens for one night at 102 °C. The surface MC of the spec-
imens in the results section is presented in relation to their saturation
state (SG), i.e. SG = 100% for saturated specimens and SG = 0% for
dry specimens. This is defined as:

my —ny

SG = -100

Mg — My

where m, is the mass of the wet specimen at each measure condition,
my is the dry mass of the specimen and mg, is the saturated mass of the
specimen.

4. Results and discussion
4.1. Laboratory test on geomaterials specimens

The reflectance measurements were performed on all the forty speci-
mens. Fig. 2a, b, ¢ and —-d shows the measured R, as a function of SG of
each specimen. Presenting the data, it was decided to not add the error
bars to increase data readability since the mean absolute error for each
data point is <3% having the same dimensions of the graphic point. De-
creasing SG a non-linear increase of R, is observed over the full drying
process for marble (MB), brick (LT), plaster (IC) and mortar (MA).

In this kind of situation, i.e. one directional transport of moisture,
there is an approximately linear dependence of the spectral reflectance
factor to the moisture content only in a finite range of high mois-
ture content. After a threshold value of MC (identify in this study
as SGy,), R became almost constant and do not contain any additional
information about the moisture content of the material. Below SG,, wa-
ter front should be held tightly inside the materials matrix as adsorbed
water films around the walls of pores and capillaries. Consequently, the
evaporation occurs inside the specimens. Here the optical path length
in water is null, and the measured value of the spectral reflectance fac-
tor is almost solely due to material's surface absorption and scatter-
ing. Otherwise at high levels of SG, water fills surface layers increas-
ing the optical path length in water which led to decreasing the val-
ues of R;. The actual value of SGy, has not been reported in this study
due to the acquisition rate; as showed in Fig. 2 even the trend is ev-
ident, the gap between the data point doesn't allow us to define SG,
with enough precision. Indicatively for MB, MA and IC a plateau is
reached at about 50 and 60 units. In addition, brick specimens (LT) pre-
sents also two stages in the variation of R;: an approximately constant
value for 80% < SG < 100% and a sharp variation for SG = 80% and
SG = 45%. As previously said, the determination of MC based on a sin-
gle-band reflectance values implies the availability and representative-
ness of a dry reference reflectance standard. Fig. 3 highlight this prob-
lem: the spectral reflectance factor of each material's specimen is not
constant in the dry and saturated state. Indeed, the distribution of val-
ues. The same is for the saturated state. Moreover, for mahogany spec-
imens (SM) R sat > Ry ary- This means that each specimen needs a spe-
cific reference curve. In other words, the curves are strongly dependant
on the specific specimen and not for the overall material. This could
be explained by the local variability of the surface's colour and rough-
ness. In a hypothetical in-situ application it could be of difficult ap-
plication because it is not always possible to have at disposal the dry
reference material. Moreover, the possibility to perform measurements
at high spatial resolution, which is one of the main demands of this
methodology, could not be applicable on materials with heterogeneous
surface properties. The drying process of the specimens was observed
thanks to the drying curves. Examples are shown in Fig. 2e and f where
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Fig. 2. Variation of measured spectral reflectance factor at 970 nm (R, 970) at different values of saturation grade (SG) for a) marble specimens, b) brick specimens, c) putty-lime plaster
specimens, d) plaster with cocciopesto specimens. And variation of measured spectral reflectance factor at 970 nm (R;970) at different values of saturation grade (SG) for e) brick specimen

LT1 and f) plaster specimen IC1.

the curves show the variation of the evaporation rate or evaporative flux
(ER) in function of the MC. It was not reliable to measure ER of MB1
due to electronic balance readings fluctuations caused by the ventilation
rate and of course due to its intrinsic low value of CI.

When the breakthrough point is reached the liquid-gas interface can-
not recede any further from the open pores close to the surface and the
front position becomes almost constant over a wide range of MC. The
constant rate period is usually longer in larger pore networks. As MC
decreases the larger pores are drained and will no longer contribute to
liquid transport [22]. This result confirms that spectral reflectance is in-
fluenced by surface moisture content and it is linked to the hydraulic
behaviour of water in the unsaturated matrix. Although it is beyond the
scope of the present work, it would be interesting to verify if this value
can be linked both to the water front depth or to the critical moisture
content. It will be necessary to repeat these experiments on the same
material with different thicknesses and geometries. Furthermore, the im-
pact of degradation products and restoration products on the modality
of moisture diffusion in porous materials must be evaluated.

4.2. Laboratory test on wood specimens

Wood specimens R; dependence of SG is more complicated. The in-
crease of spectral reflectance upon drying is non-linear. As it is possi-
ble to observe in Fig. 4a and b the spectral reflectance factor of the
wood specimens does not depend by MC like the other specimens. A
possible explanation of this phenomenon could be the peculiar way in
which wood exchanges moisture with the environment. Indeed, the dry-
ing process of wood is driven mainly by water bounded to the sorp-
tion sites below the fibre saturation point and by free water above
it [23]. Another hypothesis could invoke the structural anisotropies
of wood, i.e. the directions of the fibers and grains, which can affect
the spatial distribution of the reflected radiation. Initially, this problem
had not been considered since, as previously mentioned in Section 2.2,
the spectral reflectance factor can be considered as averaged on a cir-
cular area of about 7 cm2. However, the laws of radiation's diffusion
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vary with the dimensions of the optical non-homogeneities of the
medium. A further test has been arranged to verify whether the direc-
tion of the fibers influences the measured signal with respect to the ac-
quisition geometry. The test was performed with two wooden specimens
(PS1 and SM1) and one brick specimen for comparison (LT1). The mea-
surement took place both on specimens in saturated by total immersion
condition and overnight oven-dried condition. The measurement took
place by marking a reference point on the cylindrical specimens and ac-
quiring the value of R, ;s and R, 4 by rotating the specimen on a ref-
erence plane of about 90° at each measurement. Each acquisition was
repeated 4 times; between each repetition at every angle the lid of the
measuring chamber was opened to verify that the movement of the op-
tical fibers did not influence the data. The bar-plots in Fig. 4c, d and e
show that the spectral reflectance factor varies as a function of the an-
gle between the specimen and the direction of the incident light. The
reference direction (0°) was taken randomly on the brick sample and
marked on the side with an indelible marker. For wood, it was chosen
along the direction of the wood's fibers. The spectral reflectance fac-
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tor of the brick specimen remains constant while the specimen rotates
with respect to the illumination direction. The spectral reflectance fac-
tor changes considerably for woods, even up to 10 percentage units, de-
pending on the direction of illumination. The spectral reflection factor is
therefore higher when the direction of the fibers is perpendicular to the
direction of illumination.

5. Discussion

Such a measurement method could be improved in many ways by
using different radiation (i.e. microwave) or other infrared bands [24].
In the past our group worked in the use of infrared thermography [25]
that is able to evaluate the amount of evaporation rate in a totally
noninvasive way. The use of a set of multiple reflectance values ac-
quired in differed band of the (NIR) spectrum namely at about 1450
and 1930 nm, is well known but in the years, it never becomes an af-
fordable method in moisture detection. The use of silicon-based detec-
tor, suitable for 970 nm absorption peak detection, instead of InGaAs
one could help the diffusion of this kind of measurements. Another is-
sue concerning the portability and repeatability of the instrumentation
regards the selection of the light source which should follow these re-
quirements: strong light emission in the water absorption bands of in-
terest, low power consumption, avoid surface heating and avoid com-
plicated and fragile optical components. An incandescent lamp, as the
one used in this study, only meets some of the requirements. It is easy
to use and relatively economic, but it could present some drawbacks
in the in-situ application. Indeed, in this study, it has been manda-
tory to use a band-pass filter placed in front of the detector. As draw-
back, optical systems can complicate the development of instruments
that are easily portable and usable in situ. Beside this the incandescent
lamp would allow the multi band reflectance measurements. It could
be interesting to study the applicability of Light Emitting Diodes (LED)
with narrow emission spectrum which combine the low power consump-
tion with a narrow band emission making unnecessary the use of band
pass filters. Again, it must be reminded that this device allows to get
only superficial information, and therefore has the disadvantages and
the advantages already highlighted. Such a non-invasive and non-de-
structive methodology provides an opportunity to perform measure-
ments in many measuring points allowing to obtain surface MC profiles

SM

SpOCIFans
SM
S
]
gAY
SMS
SME

= -
&

L

ek
L “.l-

LE N N

R, 070 (%)

#8588 88 8 8
£
L

L]

SG(%)

b)

=

"
®
x5
=%
S Wy = - W
1 —
a e —
e & L] 3

LR ThY

e}

Fig. 4. Variation of measured spectral reflectance factor at 970 nm (R;970) at different values of saturation grade (SG) for a) pine solidwood specimens, b) mahogany solidwood spec-
imens. And variation of the spectral reflectance factor while rotating the specimen of c) pine solidwood, d) mahogany solidwood, e) brick specimens according to the direction of the

incident light.



J. Melada et al.

and maps. These profiles can be very useful to determine the causes of
moisture in wall and to plan correct remediation interventions [4]. To
measure water in depth it is certainly recommended to couple this sen-
sor with other methods of investigation, for example microwave meth-
ods [15]. Therefore, it is again stressed out that it is mandatory to
choose an appropriate method for the specific situation and accurately
select the profile or the point in which perform the measurements [4].

6. Conclusions

The use of optical remote sensing in the measure of surface MC for
the considered materials, showed to be more effective when measured
in a finite range of moisture content values. Indeed, the increase of spec-
tral reflectance upon drying follows the hydraulic behaviour of water
in the unsaturated solid matrix. In laboratory conditions, data exhib-
ited a threshold value of surface MC, specific of the type of material,
at which the relation between R; and MC suddenly changes. Below this
value R; varies approximately linearly with MC and above it R;% is
quite constant. This was confirmed also by comparing the evaporation
curves with the relationship between R, and MC. Indeed, this method,
directly related to the superficial water content, can be easily compared
with the steady method of passive thermography that indirectly mea-
sures the moisture content through the measurement of the evaporative
flux. The use of the custom-made APD for the quantitative assessment
of MC meets the requirements of non-invasiveness, simplicity, accuracy
and the possibility of developing economic and automated solutions. Be-
side this, the measurement system could be optimized considering other
variables involved in the mechanism of evaporation. We, in fact, sim-
plified the problem of moisture transport considering a single direction
of water, contrary to the direction of the gravity acceleration. It would
be necessary to verify if these results shall be applicable on a real case,
where in addition to the problem of three-dimensional moisture trans-
port there is the presence of salts, restoration materials, fluctuations of
environmental parameters, and spatial heterogeneity (both lateral and
in thickness of the materials).

A further improvement could be aimed to study the variation of R,
in multiple absorption bands since at 970 nm the light may not provide
enough contrast in dry and saturated signal to differentiate intermediate
moisture levels. Additionally, it will be useful to evaluate the possibility
of compaction of the system to increase its portability and ease of use,
firstly by choosing a lighting source that avoids the use of optical filters.
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