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ARTICLE INFO ABSTRACT

Keywords: The microclimate in which historical buildings and objects are placed strongly influences the mechanical decay
Hygro-mechanical stress and properties of the constituent materials, especially if they are susceptible to fluctuations of temperature (T)
Wood

and relative humidity (RH). For this reason, in this work, the attention is focused on the indoor microclimate of
an historic building completely made of Scots pine wood: Ringebu Church (Norway). In particular, the indoor RH
of Ringebu church has been analyzed by means of the European Standard EN15757, which establishes guidelines
on assessing whether the RH fluctuations are risky for the conservation of historic hygroscopic materials (such as
wood). However, for conservation purposes, it is useful to further study the entity of the RH fluctuations. In this
framework, a novel simple strategy, named Median of Data Strategy (MoDS), for identifying RH drops is here
proposed; the new approach, by scanning the RH time series and being tested on several examples, displays
potential for better assessing the risk of degradation of wooden assets, objects, and artefacts. Then, based on
evidence available in literature, a simple empirical model for computing the levels of hygro-mechanical stress
developed due to hygric changes has been described and a novel tool for assessing the climate-induced me-
chanical risk for wooden structures has been proposed. Finally, a machine learning approach for predicting
whether climatic fluctuations may have catastrophic effects on the historical wooden materials is presented as
well. The obtained results show that the different proposed approaches may be useful for general assessments on
the risk of decay of wooden samples and they open a pathway for future investigations in the fields of fracture
mechanics, fatigue behavior and smart timeseries prediction for conservation and preservation purposes.
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EN15757

Damage

Risk assessment tool

1. Introduction (HVAC) systems for ensuring precise levels of indoor comfort. In case of

historical buildings, the installed HVAC systems are, generally, not so-

Controlling the microclimate in historic heritage buildings is prob-
ably the most common conventional method for assessing their con-
servation state and preserving them from decay. In particular, in case of
structural items and stored artefacts made by organic hygroscopic ma-
terials, the study of microclimate and its management is useful as pre-
ventive conservation technique for avoiding permanent deformation or,
even worse, catastrophic failure. Among the existing organic hygro-
scopic materials, the attention is herein focused on wood and on wooden
heritage buildings/objects, as they are highly susceptible to the thermo-
hygrometric environmental variability; therefore, their risk of mechan-
ical decay is tightly, but not exclusively, influenced by microclimate
fluctuations [1,2]. These fluctuations may be caused by the natural
microclimate variability experienced by the building/item or by the
implementation of artificial Heating, Ventilation and Air Conditioning
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phisticated; this means that there are no adequate ways of controlling
and mitigate the possible effects of temperature and relative humidity.
In addition, in some cases (as those of historical churches, for instance)
the HVAC systems are used only sporadically, causing short episodes of
temperature (T) and relative humidity (RH) variations that have a
negative impact on the wooden works of art and assets. For example,
when the heating system is turned on in the cold periods of the calendar
year, no moisture compensation is generally provided to the indoor
environment. This results in a rapid warming of the air and in a signif-
icant drop of relative humidity that may have harmful effects on wooden
objects, due to their hygroscopic nature. Therefore, the entity and the
duration of the RH fluctuations strongly affect the risk of mechanical
decay of wooden objects, items, and artefacts. For these reasons,
establishing and following precise pathways on controlling and
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Fig. 1. Map of the Central-South Norway with the locations of the 28 still existing stave churches and the site of Ringebu stave church. Right - Ringebu Stave church
(a), after Preserved stave churches in Norway by Store norske leksikon (https://snl.no/). Ringebu stave church: outdoor view (b) (drawn by Dr. Elena Sesana) and

indoor view(c) with datalogger DL1 and DL2 highlighted in red.

managing the microclimate is fundamental to avoid the heritage prop-
erties undergoing unbearable thermo-hygric conditions. In this frame-
work, long-term monitoring, simulations, and reliable risk-assessment
tools are needed to quantify the threat level for the deterioration of
artworks and artefacts, based on the influence that the climate may have
on the indoor environment in heritage buildings. Andretta et al. [3]
proposed a risk-assessment methodology, called NICHE, applied to
monitored data in the Classense Library in Ravenna (Italy) and took in
consideration the risk due to several possible microclimatic anomalous
states; it was concluded that different classes of risk scenarios (CRSs)
were distinguishable for each state, given that the microclimatic pa-
rameters agreed with the standards [4]. Another risk-based analysis was
carried out using data collected inside the Milan Cathedral (Italy) [5]; it
was observed that for wooden materials the optimal RH range was be-
tween 45% and 65%, mostly overlapping with the indications provided
in the Italian Legislative Decree D. Lgs. 122/98 (art.150, par. 6) [6].
However, many risky periods and episodes were identified, during
which both T and RH exceeded the suggested safe limits. Examples from
monitoring campaigns are represented by the work of Silva and Henri-
ques [7] which reports RH seasonal conditions and short-term fluctua-
tions (in%) monitored in four churches available in literature i.e., the
Church of St Christopher in Lisbon (Portugal) [7]; the Church of St.
Michael Archangel in Debno (Poland) [8], the Basilica of S. Maria
Maggiore in Rome (Italy) [8] and the Church of S. Maria Maddalena in
Rocca Pietore (Italy) [9]. This work specifies the allowable daily cycles
as those defined by the 90th percentile of the recorded daily cycles if
higher than the UNI 10,829 limits [10], and the seasonal cycles as those
obtained by calculating a moving average of thirty days centered on the
desire value and the short-term fluctuations as a target range calculated
from the historic climate (i.e., 5th and 95th percentiles of the short-term
fluctuations over the monitoring period). Finally, they note two classes
of risk of mechanical and biological decay, the former (low) applicable
in museums buildings where the materials require tight control of

climate levels; the latter (moderate) applicable in churches where there
is no need of climate with constant levels and restrict fluctuations.
Similarly, Varas-Muriel and Fort in 2018 [11] studied the impact of
centralized heating system in the church of our lady of the Assumption
in Algete (Spain) showing how within one hour of use, the air temper-
ature reached the programmed level of 18 °C even in the upper heights
of the church with RH drops ranging 20%—25% going below the target
RH range for preventive conservation thus causing fissures and cracking
on indoor assets. Bratasz [12] reports examples of stress fields, irre-
versible deformation, and fracture in wooden objects as panel painting
and furniture which can be explained - under several forms of con-
straints - in terms of RH fluctuations. These visual damages are defor-
mation on panels, cracks in wood, gesso, lacquer layer, or along joints,
while in massive elements as sculpture obtained by cylindrical tree
trunks, they are deep cracks in radial direction.

The correlation between outdoor and indoor climate has been
highlighted and the risky fluctuations of RH according to EN15757 have
been identified in [13] during the monitoring campaign organized in the
Jeronimos Monastery in Lisbon (Portugal). The EN15757 was followed
to compute the extreme percentiles (7th and 93rd) for the entire set of
RH variations, in order to determine their safe band as stated in [14]. The
two percentiles are fluctuating thresholds that faithfully follow the
evolution of the climate and adapt to it, differently from the constant
thresholds defined by D. Lgs. 122/98 (art.150, par. 6), EN16893:2018,
ISO 19,815:2018 and ASHRAE standards [6,15-17]. Anaf and Schalm
[18] applied the EN15757 to the 22-month monitoring campaign they
performed in a chapel in the center of Antwerp (Belgium) controlled
with a HVAC system. In their contribution they demonstrated how the
analysis of T and RH peaks and drops could help in identifying hazards
which caused fluctuations in different frequency ranges. Schellen and
van Schijndel [19] presented the setpoint control for air heating in a
church to minimize moisture related mechanical stress in wooden
interior parts, using a HAMBase Simulink building model for simulating
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the indoor T and RH and a COMSOL model for simulating dynamic
moisture transport and related mechanical stresses in the monumental
wood i.e. a lime wooden cylinder. Finally, they discussed the air T (and
consequently RH) changing rate, showing that limiting the RH changing
rate to 5% in one hour will preserve sensitive object from mechanical
decay.

In this framework, the potential of EN15757:2010 is discussed in the
current work, based on studies carried out on the microclimate of a
Norwegian heritage building, Ringebu stave church, during the inter-
national Symbol — Sustainable management of heritage buildings in a
long-term perspective- project (2018-2022). In detail, a discussion on
whether the Standard works well as a control tool for mixed microcli-
mates (natural and artificial) is presented. As a matter of fact, the
EN15757:2010 defines guidelines on how to detect risky RH fluctuation
but does not provide any indication on how to rank them in relation to
hygro-mechanical stress. For this reason, the aim of this work is pro-
posing approaches for assessing the climate-induced hygro-mechanical
risk in wooden objects. First of all, a simple strategy, named Median of
Data Strategy (MoDS), and a quick indicator for detecting and evalu-
ating significant fluctuations in a time series have been proposed. Then,
once the RH fluctuations have been detected through the MoDS, a simple
empirical model for translating the RH variations into levels of hygro-
mechanical stress is proposed. Then, the results have been used to
build up a novel Risk Assessment Tool (RAT) for quick evaluations of the
climate-induced mechanical risk in generic wooden samples. Several
considerations have been highlighted, especially correlated with the
distribution of stress over time, which can be assimilated to low-
frequency fluctuation phenomena and, thus, can be in future evalu-
ated in the framework of the climatic fatigue behavior of wood. This
could be of extreme interest for carrying out successive evaluations
about the arising and interaction of damage mechanisms on different
length and time scales. Finally, a preliminary implementation of a ma-
chine learning classification model has been proposed to predict
whether the RH fluctuations may lead to perilous outcomes (e.g., fail-
ure). The current paper is structured as follows: in Section 2.1 the
selected case study is presented, while in Section 2.2 the MoD strategy is
explained and in Section 2.3 the empirical model for obtaining the levels
of hygro-mechanical stress is obtained. The main results in terms of
identified RH fluctuations are discussed in Section 3.1 with the novel
RAT described in Section 3.2. Finally, the implemented machine
learning model is presented in Section 3.3 and the main conclusions are
highlighted in Section 4.

2. Materials and methods
2.1. Case study, data and metadata

The stave church that is object of this study is located in the south of
Norway and it dates back to the beginning of the XIII century. In details,
Ringebu church (Fig. 1) is located in the homonym municipality in the
Inland region. The church was first mentioned in official documents in
1270.

As easily understandable from the word “stave”, the church is made
of wood (Scots pine wood), and it has lasted until now thanks to several
restorations that took place over the centuries. The main being the
extension done by Werner Olsen in 1630-1632 in a cruciform shape and
a last full restoration occurred in 1921 when the gallery above the
entrance, and the ceiling of the nave were removed and the wall deco-
ration from the 18th century was restored. Recently (2010-2015) during
the Stave Church Preservation Programme (SCPP)' [20] the Norwegian
Directorate for Cultural Heritage funded interventions to give the church
new shingles and retarred and to carry on consolidation intervention on

1 Reports on the SCPP, in Norwegian, available at: https://ra.brage.unit.no/
ra-xmlui/handle/11250/176302?]ocale-attribute=en
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the indoor distempered painting in the chancel (2010-2011). In addi-
tion, the southern churchyard wall was repaired, and one stave was
given a new foundation.

The main nave and the roof are supported by a total of 18 poles,
while the wall logs in between these staves or poles are tucked into side
bars and secured with wooden plugs. The corner poles are funded on
stone slabs, while the wall logs on stone fill. Indoors, the internal pales in
the single nave, support arc at double heights with on the top rods
braced with Andrew’s crosses. The interior show wall paintings in blue
and red colors decorated in 1719 that, with a unique (respect to the
other distemper paints in the stave churches) drapery imitations,
dominate the nave and the chancel. Two crucifixes are dated back to the
Middle Age, to the first half of the 14th century. The two medieval
crucifixes were treated at the start of the SCPP, but only one of them was
returned to its medieval state, looking as it did before being painted over
in the 18th century [20]. Inside the church, the altarpiece from the
1680s is the oldest object preserved since the Reformation; it is richly
carved, gilded and colored with paintings, while the pulpit from 1703 is
characterized by curved acanthus, a sort of hallmark of the folk art of the
Gudbrandsdalen valley where the Ringebu stave church is located.

In light of the hygric nature of wood, that is the constituent material
of both the building envelope and the numerous wooden pieces of art
collected indoors, it is fundamental to study and analyze the microcli-
mate of this building, to assess its possible impact on the durability of
wooden items for cultural heritage and preservation purposes. In this
framework, a monitoring campaign has been established within the
Symbol project (n. 274,749) and further analyzed using machine
learning within the Spara Och Bevara project (n. 50,049-1). Ringebu
stave church has been equipped with three dataloggers each (named
DL1, DL2 and DL3), that collect temperature (T) and relative humidity
(RH) data. The DL1 and DL2 are located indoors and have a data
acquisition rate of 5 min, while DL3 is located outdoors and has a data
acquisition rate of 15 min. The set of dataloggers has been installed on
March 30th 2019 and they have been collecting data since their instal-
lation. Collecting T and RH data is allow understanding the evolution of
the microclimate of the case study; in this case, the microclimatic data
are useful to analyze the cycles of heating/de-heating and dehumidifi-
cation/humidification that the church and the wooden piece of art un-
dergo in the period of observation. It has to be highlighted that artificial
heating systems are installed in Ringebu Church in the form of tradi-
tional radiators. In a typical calendar year, Ringebu church is heated
from half September to half April and the heating is sporadically turned
on only in case of scheduled events (weddings, services, funerals etc.); in
detail, the heating is turned on several hours before the start of the event
and it is turned off when the event ends, in order to keep the indoor
environment comfortable for churchgoers. Together with the microcli-
matic data of T and RH, information about the use of the church has been
collected as well. These are mostly metadata about scheduled events
(type of event and time) and the number of people attending the events
themselves. From these data it is possible to get information about the
occurrence of the events and their duration that, crossed with the T and
RH data, is useful for successive analysis.

2.2. Strategy for the identification of relative humidity drops

The main issue of using artificial heating is linked to periods of forced
drying induced by the dehumidification of the indoor environment
without moisture content compensation; this may cause permanent
mechanical damage or failure of the wooden objects, if not controlled
properly. This is why this work aims to propose a strategy to identify and
evaluate the RH variations. According to the standard EN15757, useful
indicators for the evaluation of the indoor climate are the target values
and the target range of RH. The target values of RH are obtained eval-
uating the central moving average (MA) over 30 days, while the target
range is determined as the band confined between the 7th and the 93rd
percentiles of the RH fluctuations, respect to the moving average of RH,
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RH (together with its MA and percentiles) and outdoor RH are reported
in the Appendix for Ringebu Church. From now on, all the evaluations
will be referred to the same period of observation, i.e., two years (from
March 2019 to March 2021). Analyzing Fig.Al in the Appendix, it is
clear that, especially when the sporadic heating is used, the safe band of
RH is often exceeded due to over dryings of the environment. For this
reason, a useful strategy consists in identifying all the cases in which the
lower bound (namely, the 7th percentile curve) of the safe band is
crossed and exceeded by the RH readings. This is possible by defining
and comparing the following quantities:

ARH e = RH peasured — RHya (@)

ARHiufe = RHiowerbound — RHya @
where ARH,. is the difference between the actual considered RH
reading (RHpeqsured) and the respective RH value coming from the central
moving average for the same day (RHpn), representative of the actual
measured anomaly respect to the central moving average calculated over
30 days; ARH,qy, is the difference between the RH value coming from the
7th percentile curve for the same day (RHpwerbound) and RHpya. If the
following reasonable condition

ARH,; < OA|ARH .| > |ARH | + 1%

3)

at some point is met, it means that the safe band is exceeded due to
dehydratation. According to this logic, as soon as the RH curve crosses
the lower bound curve from above, it means that the RH is moving to-
wards low values (considered risky by the Standard), most likely
because the artificial heating has been turned on. While the heating is
on, RH continues to decrease until it reaches a local minimum that is
representative of the maximum level of dryness caused by the artificial
heating. As soon as the heating is turned off, the RH usually starts to
increase from its minimum until it re-enters the safe band. In this way, it
is possible to identify the period during which the RH is in the risk area
and to evaluate the minimum value reached in that selected period,
RH,;in. At this point, the amount of RH exceeding the lower percentile,
named RH;, for the sake of simplicity, may be evaluated as follows:

RHrisky = RHu; — RH iy (4)

where RHy is the first value of RH that satisfies the condition (3) at the
beginning of the RH drop. In addition, the duration of the RH, is
calculated as follows:

Atr[sky = Tend — Tstart (5)
where tgq is the time when RHg,, is measured, and t,,4is the time when
the last value, RH,,q, satisfying the condition (3) is measured. For the
sake of clarity, Fig. 2 illustrates graphically the quantities defined above,
representing a time window from December 10th 2019 to December
12th 2019. A RHyg, of almost 20% is highlighted with an orange box.

From the metadata of Ringebu church, it is extrapolated that on
December 10th 2019 at 11:00 a one-hour funeral took place. This means
that the heating had been turned on several hours before the event and
that it had been turned off at the end of the funeral itself, i.e., at 12:00. In
fact, looking at Fig. 2, it is clear that RHp,, of about 30% is reached at
12:00, while, according to this strategy, RH,, of about 45% is measured
at 7:00. A summary of this information is reported in Table 1.

However, looking in detail at Fig. 2, it can be seen that the RH (blue
curve) starts decreasing way before the time selected with this strategy
(tsarr = 7:00). This means that the heating has been turned on before
7:00 and that the actual RH drop experienced within the church is way
higher than the RH;y, shown in Fig. 2.

From a naked-eye analysis of Fig. 2, it may be highlighted that the
actual RH drop is of about 40%, being the actual RHqr of roughly 70%.
This simple example shows that the standard EN15757, by detecting
only the risky amount of RH, may not be useful for practical applications
dealing with active indoor climate control because it does not provide
guidelines about how detecting the total actual drops of RH experienced
by the wooden elements/structural items. For this reason, a new strategy
is herein proposed. It uses a simple algorithm summarized in the flow-
chart in Fig. 3, based on scanning the entire dataset with fixed-length
time-windows. In this case, the data scanning is carried out with a
time-window of one hour length (i.e., time-window with L = 12 read-
ings, being the indoor reading acquisition rate of 5 min). The main steps
of the algorithm are described as follows:
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Fig. 3. Flowchart of the proposed strategy base
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Fig. 4. Chunk of indoor RH (blue curve) on which two subsequent time-windows have been selected (blue and orange rectangles). Each window of data is char-
acterized by an average level of RH (blue and orange horizontal line respectively).

the median of data (RHp,q) is evaluated on the values from RH(i) to
RH(i + L — 1);

the following value, RH(i + L), is compared to the just computed
median in terms of distance, ARH(i);

if the distance is negative (ARH(i) < 0), it means that the trend of RH
is decreasing. In addition, if the absolute value of this distance ex-
ceeds a given threshold (|ARH(i)| > ¢), it means that RH is moving
towards a local minimum (i.e., the RH is dropping). The threshold (¢)
is set at 2% as it has been noticed that, in case of use of artificial
heating, RH varies of about 2% in one hour;

as soon as the threshold is exceeded, the RH drop starts, and RH
keeps on decreasing (RH(k) < RHpeq);

as soon as the RH goes back to values that are near the previously
calculated median (RH(k) > 0.95 RH,,q), it means that the drop has
ended as RH has gone back to a stable behavior (i.e., without the
perturbation caused by heating);

once the set of data constituting the entire RH drop has been iden-
tified, it is easy to determine RHgy and RHp,, for the drop itself.

Using this simple logic, it was possible to detect and highlight the

actual drops experienced by the relative humidity due to the use of
artificial heating in cold months. Moreover, setting a different threshold
(1%) in the flowchart in Fig. 3, it has been possible to detect the natural
RH drops taking place during the warm months due, mainly, to the
natural outdoor climate. In this way, a database containing the infor-
mation about RH drops has been built up.

The procedure highlighted in Fig. 3 allows to detect the RH drops and
to quantify their entity by collecting information like RHgqrt, RHpmin €tc.
However, if, for some reason, there is the need to simply detect the
occurrence of RH fluctuations neglecting any kind of detail, a quick and
simple ad-hoc indicator, proposed in the following, can be used. Fig. 4
shows a chunk of indoor RH timeseries represented by a blue curve.
Along the timeseries, two subsequent time-windows (blue and orange
rectangles) of length L can be considered. As they are adjacent, they
share the i point of the timeseries; in particular, the first time-window
(blue rectangle) covers the range of data going from RH;j; to RH;,
while the second time-window (orange rectangle) covers the range of
data going from RH; to RH;. ;. The average level of RH for each window
of data can be computed: avg (RH|;_.;) for the first time-window (blue
horizontal line in Fig. 4) and avg (RH}; ;) for the second time-window
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Table 2
Data obtained through the experiments carried out in [21].

Observation n. ARH [%] Stress [MPa]
1 0.5 0.27
2 5 2.06
3 10 3.36
4 20 5.56
5 30 7.53
6 40 9.39

(orange horizontal line in Fig. 4). As a fluctuation of RH is characterized
by an abrupt variation of the general trend of RH, the following quantity
can be introduced

V; =avg (RHj_1y) — avg (RHj, in1y) i=1+L, -, Nywa — L (6)
where Ngq, is the number of data in the timeseries. The quantity in (6)
can be introduced as useful tracer for the occurrence of RH drops. The
results in terms of V; computed on different-length time-windows are
reported in Section 3.1.

2.3. Model for the quantification of the developed hygro-mechanical
stress

Once the information about the experienced RH drops has been
collected, the following step consists in trying to quantify the hygro-
mechanical stress caused by such hygric fluctuations. To do so, obser-
vations and evidence available in literature have been exploited. In [21],
experiments on circular slices of Scots pine were carried out. The
wooden slices were conditioned in a climate chamber at 80% RH to
reach the equilibrium with the chamber environment and then, a sudden
change in RH up to 30% was introduced. The acclimatization period
caused the formation of stress fields and macro cracks that have been
evaluated at different steps throughout the experiment. The results in
terms of hygro-mechanical stress and RH drops at which those stresses
have been observed for a standard slice of Scots pine (diameter = 16 cm,
thickness = 2 cm) are reported in Fig. 6a in [21] and summarized in
Table 2. Due to the limited amount of experimental data and to a deep
lack of similar evidence in literature, the results in [21] together with
the results proposed by Jackiela et al. [22] for a standard cylindrical
element of lime wood (diameter = 13 cm) have been used as ground
truth for building up a simplified model for quantifying the
hygro-mechanical stress levels caused by the RH drops. According to
[22], it has been seen that the behavior of Lime wood in terms of
hygro-mechanical stress vs. initial RH (experienced at the beginning of
the RH drop) is well-defined trough quadratic curves. Due to the physics
behind the simulations and results obtained in [22], it is reasonable to
assume that this behavior, with the right adjustments and adaptations, is
qualitatively valid for any kind of wood subjected to RH variations.

Starting from this assumption, the parameters a, b and c for each of
the quadratic curves in [22] have been extrapolated by a simple curve fit
of

Forces in Mechanics 7 (2022) 100094

where y = Stress [MPa] and X = initial level of RH. Once the parameters
a, b and ¢ have been obtained for each curve (one curve for each RH
drop, i.e., ARH, evaluated in [22]), their trend with the RH drop has
been evaluated and it is plotted in Fig. 5.

It has been seen that the trend of a, b and ¢ with ARH is quadratic as
well, and it can be formulated as follows

a=a X +px+y, b= +fx+y,c=ax’+px+7y. (€))

where a;, f; and y; with i = a, b, c are the quadratic fitting parameters
and x is the experienced ARH. If the set of Eq. (8) is defined, it is possible
to compute the parameters a, b and c for a given experienced ARH (x)
and then, by substituting a, b and c in Eq. (7), to find the related hygro-
mechanical stress (6) developed after experiencing the selected ARH,
started at a given level of RH (X). As Ringebu church is almost entirely
made of Scots pine wood, the experimental observations in [21] can be
used to tailor the empirical procedure expressed through Eq. (7)-8 on
this considered type of wood. As in the experiments the wooden slices
were conditioned at 80% RH to be in full equilibrium with the sur-
rounding environment, this initial level of RH will be assumed to be
characterized by the absence of forces within the wooden objects. This
means that the quadratic curves representing the trend of the
hygro-mechanical stress with respect to the initial RH will have their
minima at initial RH equal to 80%. For this purpose, the quadratic
curves obtained with Eq. (7)-8 manipulating those from [22] need to be
translated accordingly