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Abstract. Warehouses are big architectonical structures mostly made of spruce wood and utilized as
storage buildings principally by food traders in Northern Countries. Trondheim’s warehouses currently
observable along the river Nidelva, date back between the 17" and half of the 19" century were mostly
used to stock and process fish. Therefore, where the food goods were stored, residuals are expected to
be still present and/or to be responsible for the formation of alteration products on the wooden surfaces
as well as inside the wooden structure.

Here we propose a characterization of residual and neo-formed compounds inside and on the
surface of wooden logs by means of vacuum microbalance that allowed both to individuate the type of
salts, as well as, to estimate the maximum water film thickness adsorbed on the wooden samples at 93%
of RH. These data have been related to variations in the acoustic emission (AE) intensity detected at the
log surface and to the wood moisture content measured with capacitive and resistance operating
moisture meters. The application of three independent techniques have allowed obtaining interestingly
information indicating their potentiality as decay assessment techniques in the field of historical
materials and specifically in the study of salts weathering on wood. The methodology allowed identifying
a clear relationship between the amount of water in logs as a function of their distance from the ground
and variations in the amplitude of the acoustic emission signals.

1 INTRODUCTION

Wood based warehouses represent unique historical coastal buildings with peculiar
construction features ascribable to the Norwegian construction tradition [1]. The main problem
for these buildings were both to resist local weather conditions (strong winds, rain, high
humidity, low temperature) and being functional for the specific needs of fishing/trading
societies. Nowadays these structures are still present in cities developed starting from the
Middle Age on the coasts and whose economy was based on the export of stockfish (dried cod)
[2]. Trondheim has always been one of the most important Norwegian ports even if warehouses
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were constantly destroyed by fires and re-built always on the same sites and following the same
construction rules established in the 12th century [2]. The quite big structures along the river
(Nidelva), mostly made of spruce wood, date back to between the 17th and ~1950 and were
generally created as a combination of wood frames and log structures permitting the formation
of many different space distributions. They were used as storage buildings mainly by food
traders and merchants trading in other goods such as lumber, copper (from the Rgros mines),
flour, grain, sugar and precious textiles [2].

Food storage is supposed to leave residuals, that could also be responsible for the neo-
formed products (salts) on the wooden surfaces as well as inside the wooden structure. Wood
alteration phenomena driven by salts have almost never been studied in the field of cultural
heritage, basically because wood was usually employed for mobile artworks and only in few
specific geographical regions such as Norway it was used as building material. Additionally,
very few areas with historical wooden buildings are in a marine environment and this is the
case of Scandinavia or other Antarctica regions. Consequently, the few studies regarding wood
salt degradation of heritage buildings have been dealt with phenomena strictly associated with
these peculiar environmental conditions [3-7]. Salts efflorescence and sub-efflorescence on
wood were only rarely studied [3-6,7, 8-10] and in many cases researches are related to the
influence of chemicals used for preservations purposes (pesticides, flame retardants,
consolidants, etc.) As reported [7], such phenomena could be related to chemicals solubility by
free water leakage and to the following crystallization into the porous microstructure of wood
and on the surface in form of salts.

The final step in the alteration of wood when affected by salt crystallization is the so-called
fuzzy wood, that manifests itself as a defibration of structures persistently exposed to salt,
induced and intensified by freeze-thaw cycles or by drying of salty water raised into the internal
structures of wood. Such vessels, in fact, are continuously stressed by forces deriving from the
growing of salt crystals that tend to separate the fibres from each other [3] within quite short
periods of time (up to 5 years). Furthermore, when water evaporates salts concentrate leading
to chemical reactions corroding the middle lamella region of the cells walls. The progress of
reactions brings to the separation of cells and the development of detached and eroded fibres,
strongly affecting the stability of structures in ca. 30 years [3,5].

At the opposite, the detrimental effects of salts on stone-based structures have been widely
investigated, also by means of Acoustic Emission (AE) [e.g. 11], a technique widely exploited
in many fields but still representing a quite innovative diagnostic tool in the field of cultural
heritage. Only few studies, in fact, are currently available on this topic when compared with the
total amount of publications related to the use of other diagnostic tools in artworks, and they
are mostly related to wooden based artworks [11-15] or to architectural heritage sites [16-18].
Being a non-destructive technique (NDT), AE has been mostly utilized during monitoring
campaigns in order to obtain a fast detection of newly formed cracks or older crack propagation
within the frame of preventive conservation projects, structural health monitoring of restored
elements [19], evaluation of seismic risks [20,21], and detection of infestation of xylophagous
insects [13]. This is because dimensional changes of wooden objects are related with changes
in temperature and relative humidity, and with seismic or biological activities. AE lets the very
fast recognition of these events even when occurring at a very low intensity level (e.g. due to
microcracks appearance)
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Here, acoustic emission, sorption isotherm and three different moisture content
measurements (i.e. 2 capacitive and 1 resistance operating) techniques are proposed to
investigate the state of one of the last almost original and never studied warehouses of
Trondheim (Norway). The proposed research reports about residual and neo-formed salts,
whose chemistry and concentration in four different structural elements or logs has been related
to differences registered in terms of acoustic emission amplitude and moisture content in order
to obtain information about their state of conservation.

2 MATERIALS AND METHODS

Three logs (Norwegian spruce - Picea abies) at different heights (Figure 1a) of the
internal wall indicated in Figure 1b (ground floor) were tested, as well as a spruce trunk in the
warehouse (Figure 1c) basement.

Figurel: a) Selected logs; b) Plan of the ground floor. The studied wall is circled, and the arrow
indicates the tested side; c) The warehouse studied in Trondheim.

Samples to perform the water vapor sorption experiments were collected from every log
and from the trunk using a drill bit (@ = 2 cm). Measurements were taken gravimetrically by
means of a vacuum microbalance from CI Electronics Ltd, following the methodology
described in Bratasz et al. 2012. Adsorption branches of the water vapor isotherms were
determined later in the laboratory at room conditions (T=24°C) and for a full range of water
vapor relative pressures. Typically, a 0.1 g wood fragment was weighted and outgassed prior
to the measurement under a vacuum of a residual pressure of less than 0.1 Pa in order to move
the air out of the wood and to eliminate most of the species physisorpted during the storage of
the sample, especially adsorbed water. The process was fully automated and measuring of 10
adsorption points took on average several hours.
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Acoustic emission measurements were carried out by means of an AMSY-6 AE system
(Vallen System GmbH, Icking, Germany). Each AE channel was equipped with a VS900-M
sensor (frequency operating range = 100-900 kHz) in line with an AEP5 signal preamplifier
(2.5 kHz to 2.4 MHz). Each channel, sensor and preamplifier combination was kept fixed during
the monitoring of the logs. The rearm time and duration discrimination time were set to 3.2 and
1.6 ms, respectively, while pre- and post-trigger times were maintained equal to 0.2 and 0.4 ms,
respectively. The signal sampling rate used to calculate the primary AE parameters was 10
MHz, whereas a value of 1 MHz was used to record the transient signal. Signals were acquired
after applying a low-pass filter of 500 kHz, then the first peak amplitudes (i.e. maximum value
of the first amplitude peak) were integrated to obtain the amplitude values to be verified in the
attenuation models presented here. The disturbance caused by environmental noise was filtered
using the system-predetermined threshold level set to 40 dB. All the monitoring campaign was
conducted under environmental condition: relative humidity (RH) = 75%, and temperature (T)
=6-10 °C.

During the monitoring, at the surface of each selected logs, an acoustic emission events
was simulated using the pencil lead break (PLB) method, first proposed by Nelson N. Hsu [22].
Each PLB was performed following the requirements given by the standards (&= 0.3 mm and
2H lead) ASTM E2374-16 2016 and ASTM E976-15 2015 [23,24]and executed five times to
test the homogeneous sensors response. On every log, a linear series or array of 6 points, spaced
25 cm from each other, was created to locate the AE sensors (i.e. AE sources, Figure 2). Every
sensor was fixed to the wood surface by means of hot glue [25], and the PLB test was performed
4 cm above every sensor location. The same sensor array was created on a trunk in the
warehouse basement but using a spacing of 35 cm to avoid intercepting defects present on
wood. During the data analysis, collected data have been filtered following the constrains
reported in Table 1 ensuring the exclusion of signals linked to noise. Successively, a polynomial
fitting of the amplitude attenuation curve was used to obtain comparable distance values [25].
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Figure 2: Scheme of sensors array and of distances between AE source (PLB) and sensors.
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Table 1: Required level of accuracy during an AE event obtained by the PLB test procedure

Parameter Required level of accuracy

Amplitude 40<dB <95
COUNTS >3
Rise Time >3 s
Duration >3 s
Root Mean Square <10 uv

Moisture content (MC) measurements on logs and trunk were taken by means of a
Trotec T660 capacitive moisture meter (Trotec, Wels, Austria). The capacitive measurement
method is non-destructive since the dielectric constant € of the wood is determined via the high-
frequency field of the capacitor. When wood is altered by moisture content, ¢ increases. In the
T660 the generated electric field by the sensor (i.e. the measurement field) forms between the
active spherical head and the substrate that is to be assessed up to a depth of about 0.5-4.0 cm
(see Figure 3, left), keeping the probe sphere (@= 1.2 cm) perpendicular to the structure
surfaces. Being the radius of a Log of about 15 cm, this means the measurement field is
representative of the MC within ca 13% depth of the whole Log. With the T660, three
measurements were taken in the same points where the PLB tests were performed on every
investigated structural element (three Logs and the Trunk). The second utilized moisture meter
i.e. Trotec T610 microwave method, belonged to the category of dielectric MC measurement
method too. Being water a polar molecule, when subjected to an external applied altermatic
electromagnetic field it can be polarized, at macroscopic level this is evident by change in ¢
values, which increase of more than one order of magnitude in presence of water (i.e. en2o ~ 80
while epry spruce = 1-3). In the microwave range, beside the high dielectric constant of water (i.e.
real part of €), the dielectric losses (i.e. imagery part of &) can also be used as measurement
parameter. An advantage of this second NDT is, in fact, that the influence on the resistive losses
caused by ionic conductivities due to the salts presence/weathering is reduced within the
operating frequency of the instrument i.e. 2.43 GHz. At such frequency these losses are virtually
negligible compared with dielectric ones, indicating that the microwave method is theoretically
independent by the presence of salts. In reality, as reported by experimental tests conducted by
Camuffo and Bertolin in 2012 [26], the efflorescence is almost not noticeable when RH is below
the salt deliquescence level very because the water layer adsorbed in the superficial salt
efflorescence is a very small fraction of the whole MC into the bulk material. However, when
RH exceeds the deliquescence level, the thin aqueous film that forms on the surface reflects the
signal giving the appearance of a damp material (e.g. approaching the Fiber Saturation Point
(FSP) conditions). T610 microwave sensor contains an antennae assembly that enable a
measurement field up to a penetration depth of ca. 30 cm i.e. the whole dimensions of the
monitored Logs (see Figure 3, right). Finally, the third and last moisture meter used was the
Trotec T3000 which uses the resistance or conductivity measurement principle i.e. an electrical
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current generated in the device and conducted in the wood thanks to the insertion of 2 electrodes
or pins (length =2,0 cm, see Figure 3, central). With higher water content in wood the
conductivity increases and the resistance reduces (i.e. water is inversely proportional to
measured resistance). The resistance curve was corrected for the tested wooden material i.e.
spruce and automatically adjusted as a function of the surface wood temperature that was in

equilibrium with the air T. Surface and air T were detected using a thermistor NTC sensor.
\ g R W 4
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Figure 3: Scheme of the penetration depth of the three moisture meters into the wooden Log.

3 DISCUSSION OF THE RESULTS

Two alteration forms have been observed on the investigated wooden elements: salts
efflorescence and what was interpreted as starting of fuzzy wood, being the log surfaces covered
by a quite soft and easily detaching fibrous layer.

The adsorption isotherms obtained by vacuum microbalance permit the identification of salts
crystallized inside the structures, that are: Sodium Chloride (NaCl), Sodium Nitrate (NaNO3);
Ammonium Nitrate (NH4NO3) and Magnesium Nitrate hexahydrate (Mg(NO3)2 - 6H20) [25].
Table 2 resumes trends for the 4 analyzed samples reporting the statistical thickness of the water
layer (nm), the volume of adsorbed water (Vags= Mags/100, being Mags the % mass of water
vapor) and the percentage deviation from theoretical linearity. Our standard reference was the
trunk element as it was a clear wood sample with no salts presence.

Table 2: Statistical thickness of the water layer (nm), volume of adsorbed water (%) and percentage deviation
from theoretical linearity obtained for the four analyzed logs. Red circles indicate values of deviation form theoretical
linearity corresponding to the salts critical RH levels allowing determining the presence of Mg(NOz3)2 (53%), NHsNOs

(64%), NaNOs (64%) and NaCl (75%)

Logl Log4 Log8 Trunk
t (nm) Vads (%) % t(nm)  Vads (%) % t(nm)  Vags (%) % t(nm)  Vass (%) %
0.11 3.58 10 0.11 4,53 0.11 4.07 0.11 2.80
0.19 5.65 20 0.19 6.95 0.19 6.35 0.19 4.40
0.25 7.24 30 0.25 9.00 0.25 8.25 0.25 5.78
031 864 40 031 1095 031  10.10 0.31 7.17
0.37 1051 50 0.37 12.79 0.37 11.61 0.37 8.78
0.44 13.78 60 0.44 15.04 0.44 13.57 0.44 10.62
053 1953 70 0.53 18.73 70 0.53 16.75 70 0.53 12.74 70
0.65 28.63 80 0.65 24.04 80 0.65 21.48 80 0.65 15.24 80
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0.81 4494 90 0.81 32.68 90 0.81 28.30 90 0.81 19.19 90
0.92 66.048 93 0.88 34.91 93 0.88 30.72 93 0.88 20.72 93
1.00 90.81 98

The tmax value i.e. the maximum thickness of water film adsorbed at 93% of RH on the
surface of the sample collected by each log was calculated according to Bratasz et al. [27] and
then referred to the trunk element. Values of 2.3, 1.5,1.3 and 0,8 nm were found for Log1, Log4,
Log8 and the Trunk, respectively. This calculation was based on two preliminary assumptions:
i) the mass of adsorbed water changes linearly when the sample representative of a Log is not
affected by salts presence; ii) the effective diameter of water molecule is equal to 0.26 nm.
Parallel, also the number of water monolayers adsorbed by each sample could be calculated,
being 9, 4,3 and2 for Logl, Log4, Log8 and the Trunk, respectively. These assumptions are
reliable because plotting data reported in Table 2, a straight-line graph is expected if the water
layer can grow freely on the entire surface of the sample since water volume adsorbed is a
product of surface area and water layer thickness [25]. Deviations from linearity occur in
presence of condensation phenomena generally due to deliquescent salts responsible for an
extra amount of water. During our laboratory measurements, the point where the trend line
deviates from the linearity specifies the type of the dominant salt in the sample. Results shows
the most affected elements are respectively Logl and 4, while Log8 remains quite safe from
salts crystallization. Summing up, the identified phases well match with both the environmental
conditions and the historical use of the warehouse. The presence of NaCl, in fact, can be
imputed to the marine setting as well as to its utilization for conservation and dehydration of
fish, in turn accountable for the presence of nitrates [25, 28, 29].

Attenuation curves obtained by AE measurements [25] show a strong amplitude decrease
with distance from the PLB event. As stated in literature, the alteration degree (including the
presence of rot) and the material moisture content can be detected using AE data [30]. Also in
this study, in fact, differences were observed for the studied logs, containing different amounts
of salts and moisture [25]. For the most affected one, Logl, the strongest signal lowering was
found if compared to the other wooden elements [25]. Considering that AE waves propagate as
plane waves with a 1D front of the simple harmonic wave travelling through the absorptive
medium without diffusion attenuation [31], an exponential absorption- scattering equation can
be extracted [25]:

|Ax — ATHr| = Aoe—kx @

being Axthe amplitude at distance x from the PLB point (dB), Ao the maximum amplitude at
the source (i.e. source distance = 0) (dB), Arwr a constant background amplitude, k the
amplitude attenuation factor (cm™) and x the source-sensor distance (cm). The proposed
equation resembles the hydration model already proposed in literature [32] to explain the wave
propagation on materials surfaces at different hydration degrees.

Salts only barely affected the detection capability of sensors, since signals were registered
for almost all the distances [25]. Notwithstanding the very high relative humidity and low
temperature (85% and 2°C) conditions of the basement, the highest values were registered on
the trunk, while the highest amplitude attenuation was found for Logl. Consequently,
differences between the acoustic wave attenuation behavior in the three decayed Logs can be
related to their decay condition.
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Analogues results on the type and level of decay of the monitored wooden elements, as well
as some limits of the applied techniques can be underlined looking at the data obtained by the
three used moisture meters (Figure 4). Here, original readings were analyzed in comparison to
the reference Log demonstrated to be safe and dry i.e. the Trunk. An equation (i.e. eq.2), that
resemble the definition of MC was used to conduct such analysis:

MCrogi= MCrrund) | 100 (2).

In the plot, values of ca. 28-30 becomes therefore proxy for assessing the Fiber saturation Point
(FSP) within wood. Lower values proxy representative of adsorbed moisture which can modify
bound water (BW) embedded in the cell wall through adsorption and desorption; Higher values
proxy representative of free water (FW) that fills the wood cavities, once having filled the
wooden cells. Within each Log (i.e. Logl=L1; Log4=L4; Log8=L38), differences in the average
values of MC are representative of optimal conditions for specific type of decay within the
sensitive measurements field of the three instruments (i.e. areas highlighted in Figure 3). In the
case of the Capacitive moisture meter (red dataset in Figure 4), it demonstrates a low accuracy
in discriminating between different MC level among Logl, 4 and 8 as they result almost at the
same MC range between 76 and 79 (Unit: 100 * MC (%)). Notwithstanding a weak linear
increase among them exists; Logl being the wooden element where a higher content of water
is detected which resembles values of FW i.e. liquid water embedded in wooden cavities. In a
similar way, the resistive moisture meter (black dataset in Figure 4) shows similar results with
values resembling MC in a range between 76 and 81. This means that the detected resistance
values are lower than 0.02 MOhm in a low accuracy range, strongly influences by wooden
species (although the calibration done automatically by the instrument) and the surface
temperature. In addition, although the physical principles of detection differ, both the 2 moisture
meters are strongly affected by the presence of salts, especially in deliquescence form. In the
first case they cause reflection of the signal with an output which can increase up to the full
range dampness [26]; in the second case they cause higher conductivity resulting in an
overestimation of the MC (i.e. resistive losses caused by ionic conductivities due to the salts
presence). Finally, in the case of the capacitive moisture meter, physical heterogeneities or
micro blistering (as in the presence of fuzzy wood appearance in Logl and 4) can additionally
cause misleading high dampness values. For this reason, results from both the two methods
have low significance in this case study, although they demonstrate presence of salts in
deliquescence forms within the first 2 cm pf the superficial level of the Logs. At the opposite
the microwave moisture meter (blue dataset in Figure 4), provides more detailed information
about the level of decay in the Logs. Such method can detect that the whole Log8 is not affected
by high value of MC. This means that -in average - the bulk material is not damaged by salt
weathering and still in good condition, while is only the superficial layer that is affected by the
presence of a thin layer of salts in deliquescence form (output provided by the 2 other moisture
meters). This is confirmed by the measurements done with the vacuum microbalance that
detected 1.3 nm of maximum thickness of water film adsorbed at 93% of RH corresponding to
3 water monolayers. Different is the situation for Log4 and 1 which equally demonstrates the
probability of having average value of bulk material at the FSP, or a thick superficial layer
contaminated by deliquescent salts which reflects the penetrating electromagnetic field thus
overestimating the output and the MC values. Although we know, from the measurements
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conducted with the microbalance, that such hypothesis if the most likely, however with the
measurements from the microwave moisture meter only such discrimination is not possible.
The comparison with the microbalance results demonstrates that already 4 monolayers of water
(i.e. a maximum thickness of 2.3 nm) at the surface of the material are sufficient to eventually
overestimated MC values at the level of FSP thus invalidating the capability of the instrument
to penetrate deeper layer of the material.
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Figure 4: Analysis of moisture meters readings (i.e. black square and line: resistive moisture meter; red

circle and line: capacitive moisture meter and blue triangle and line: microwave moisture meter), elaborated to
resemble the definition of MC in reference to the Trunk as dried wooden element. VValues of ca. 28-30 are a

proxy for the Fiber saturation Point (FSP). Lower values are proxy representative of adsorbed moisture which

modifies bound water embedded in the cell wall; Higher values are proxy representative of free water that fills
the wood cavities. On the right, the effects of such MC modifications are described as type of visible decay.

4 CONCLUSIONS

The proposed study of four spruce logs form a 20" century warehouse in Trondheim
(Norway) involved a multi-technique approach allowing obtaining complementary information
concerning the state of conservation of such structural elements.

The contamination degree of wood by salts has been evaluated performing water
absorption-desorption measurements by means of a vacuum microbalance that permitted the
identification of the main phases crystallizing inside the wooden structures and on the surfaces,
as well as the maximum thickness of the water film adsorbed on the samples surface. Outcomes
indicated how the most contaminated and hydrated elements were Logl and 4, while Log8 and
the Trunk resulted quite safe. Parallel, AE measurements evidenced differences in the
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attenuation curves get on the four elements as a function of the alteration degree. Particularly a
direct connection between the wood hydration degree and how acoustic waves propagates into
the material, or more precisely on the material surface. These findings are also confirmed by
the measurements conducted with different moisture meters that, in the area of sensitiveness
i.e. their measurement fields, have demonstrated to be effective in (i) detecting the presence of
salts in deliquescence form already after the appearance of very few monolayers of water as the
case of the resistance and capacitive methods and (ii) in assessing an average level of MC in
the bulk material that remains representative of the overall conditions of material also under
extreme environmental conditions as the case of the microwave moisture meter working on
Log8 during this monitoring campaign (i.e. environmental conditions with high RH, low T
conditions; material with high contents of salts in deliquescent form and decayed by salt
weathering and fuzzy appearance). However, also this last method has demonstrated its
limitation because already 4 monolayers of water (i.e. 2.3 nm) at the wooden surface cause
signal reflections which overestimate the MC thus invalidating the capability of the instrument
to penetrate deeper layer of the material.
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