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Deliverable abstract
In the deliverable, the parametrized models elaborated by USTUTT, CETMA and IUAV for the case
studies are presented and discussed.
The numerical model for (painted) wood developed by USTUTT in Task 3.1 was used to perform a
parametric study aimed at identifying critical areas for the possible degradation of composite
materials, e.g. multilayers coating (painting) on a wooden substrate (Case Study 2- ARC-Nucléart
in Grenoble).
As a first step, the model developed in Task 3.1 was validated for mold growth risk against
experimental data available in the literature. This aspect is really important since it identifies critical
RH values above which it is expected to have mold formation. Based on the obtained results, limit
curves for mold growth derived in the literature through large amount of experiments, were proposed
for integration in the DMT (WP6). Such curves are presented and discussed in D3.8.
Thereafter, the same approach (in terms of applied environmental conditions) was used to predict
possible damage (cracking) of painted wood. In particular, the following parameters were
investigated: (i) position and dimension of a pre-damaged area in painted wood generated by fungi
attack and (ii) different combinations of the imposed environmental conditions (RH,T), also taken
from the experimental data in the literature. Based on the validated approach, further parametric
study was performed with respect to realistic (RH,T) input provided for the Case Study 2 (WP7).
Based on the obtained results, limit curves and threshold values for damage initiation in painted
wood were derived. Such functions are presented and discussed in D3.8.
In the framework of CETMA activities for the case study in Venice, the finite element model of the
Full Council Chamber, settled in previous activity, was used to generate a parametric study of
possible damage threshold and warning levels.
In particular, CETMA used the full scale numerical models to generate different scenarios on the
basis of environmental and mechanical parameters. Then, the results of these parametric
simulations will contribute to support decisions and threshold of warnings.

It's useful to specify that vibration is the mechanical oscillations of an object about an
equilibrium point. The measure of the vibration is expressed in terms of displacement,
velocity or acceleration.
In previous task the Finite Element (FE) model has been used with acceleration curve available in
literature confirming that the standard flow of visitors can be allowed without any damage for the
CH objects.
In this current activity additional scenarios of danger or warning have been defined that can be
obtained also with concurrent events. In fact, in addition to the standard visitors flow the contribution
of increased flow and additional source of accelerations has been considered.
Also, the maintenance activity within the Doge’s Palace and corresponding levels of acceleration
has been considered as amplification and contemporary factors for the generation of the scenarios.
The CH objects were numerically analyzed for each situation of loading to identify critical
combinations of possible damage. The natural frequencies and mode shapes have been considered
for the possibility of resonance vibrations.
Based on the obtained results, limit curves of accelerations as damage warning for CH objects were
provided as input for the DMT (WP6). Such data are presented and discussed in the next deliverable
D3.8.
As known, the microclimate control of indoor environments has become essential for protecting
cultural heritage. In Task 3.3, CETMA developed and validated the computational fluid-dynamic
model (CFD) to analyze the indoor exhibition context. This model was parametrized in order to
identify the threshold values and functions, in terms of relative humidity (RH) and temperature (T)
inside the selected case studies: two rooms of Palazzo Ducale (Venice).
IUAV performed parametric building energy simulations (via EnergyPlus) for the thermal modelling
of room “Sala degli Scarlatti” in Palazzo Ducale. As a result, maximum/minimum daily room mean
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air temperature and relative humidity were calculated under various conditions, depending on some
relevant parameters such as infiltration air flow rate, number of occupants, wattage of lighting
fixtures, and outdoor air dry-bulb temperature. The results have been resumed by means of artificial
neural networks, which ensure high regression accuracy.
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1. Introduction
Cultural Heritage (CH) materials (wood, archaeological metals, glass, etc..), characterized by highly
complex structure and unmonitored long-term modifications, are very sensitive to degradation
processes induced by contaminated environmental conditions, i.e. inadequate temperature and/or
relative humidity variations, inadequate lighting, gaseous pollution concentration, oxidation due to
the presence of chlorides, corrosiveness of metal and vibrations induced by the visitors in the
museums and historical buildings. A reliable numerical tool can be used to: (i) better understand the
complex phenomena governing the material deterioration induced by different mechanical and/or
non-mechanical conditions (e.g. moisture-induced cracking, mold growth, vibrations of the visitors,
etc..) and (ii) realistically predict critical conditions for the material degradation. This aspect is
fundamental to prevent further deterioration and ultimate destruction of the artefacts made of CH
materials.
In the framework of the task 3.5, the 3D hygro-mechanical model for (painted) wood [1] formulated
in the task 3.1 by USTUTT (MPA, IWB) was employed to derive parametrized functions and
threshold values for damage initiation, with specific application to the Case Study 2 of ARC-Nucléart
in Grenoble (WP 7), which includes composite materials, such as multilayers coating (painting) on a
wooden substrate.
As a first step of the study, the proposed numerical model was validated against existing
experimental tests [2] on mold growth. The aim was to confirm the suitability of the model in
realistically predicting critical relative humidity values for mold formation. This aspect is fundamental
for the identification of critical environmental conditions, which can induce degradation of the painted
objects. It is worth mentioning that the model can capture the conditions for the mold formation, but
currently can´t reproduce the mold growth process.
The same approach was then used to investigate the initiation of damage (cracking) in painted wood
induced by variations (in terms of pick values and durations) of relative humidity and temperature.
With this purpose, the relative humidity histories and temperature values experimentally investigated
in [2] were used to perform a parametric study on a painted wood sample in order to identify critical
combinations for the damage (cracking) initiation. It was assumed that a specific area of sample was
subjected to fungi attack with consequent mechanical disconnection between the painting layer and
the wooden substrate. The dimension and position of this area was also investigated in the
parametric study. Finally, limit curves and threshold values for damage initiation in painted wood
were derived based on realistic (RH,T) input provided for the Case study 2. Such functions are
presented and discussed in D3.8.
As analysed in the previous task 3.1 by CETMA, the external factor that can generate different levels
of loading for CH objects are dependent of human factors; for the Case Study 7 of Palazzo Ducale
these aspects can change considerably for different reasons during the year. The aim of the further
application of numerical model is for the analysis of wooden objects within different scenarios
induced by changing mechanical loading, in particular, vibrations and frequencies.
The 3D finite element model of the Full Council chamber created in the task 3.1 by CETMA was
employed to derive correlations and threshold values for mechanical damage evaluation in the
selected room of Venice Museum.
Three different scenarios of loading have been analysed considering wooden objects present in the
Full Council Chamber of the museum. The generation of the loading conditions is based on the
foreseen of increased tourist flow for the next year and on the data collected by the C22 vibration
sensor installed.
Correlation curves and data for damage initiation of wooden object were derived based on realistic
data stored in the last period (06.2022) in the Museum by means of the vibration C22 sensor provided
for this Case study.
At the same time, CETMA developed a computational fluid-dynamic numerical model to analyse the
environmental conditions inside museums or historical buildings.
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The model was tested and validated during Task 3.3 on two case studies. In order to prove the
feasibility of the overall simulation procedure in real-world scenarios, two rooms of Palazzo Ducale
(Venice, Italy) were chosen:
1.

Doge’s room

2.

Scarlatti’s room.

In the Task 3.5 activities, a parametric numerical model was set on the first case study (the Doge’s
room) determining the input and output variables. The results are discussed in this deliverable.
The goal of the activities was to identify the critical thermodynamical conditions that can be
dangerous for cultural heritage objects and to provide damage threshold values and warning levels
to the Decision-Making Tools. The model was applied to the second case study (Scarlatti’s room),
which is the case study n° 7 of the SensMat project. The obtained functions are presented and
discussed in D3.8.
IUAV performed parametric building energy simulations (EnergyPlus) of room “Sala degli Scarlatti”
in Palazzo Ducale. The varying parameters consisted in infiltration air flow rate, number of
occupants, wattage of lighting fixtures, and outdoor air temperature. Maximum/minimum daily air
dry-bulb temperature and relative humidity resulted and were resumed by means of artificial neural
networks. Artificial Neural Networks (ANNs), are computing algorithms making it possible to
synthesize even complex multi-dimensional data, with a high degree of accuracy. In their simplest
version, they can be considered as groups (named "hidden layers”) of simple functions (named
“nodes”) interconnected with each other. As a result, the overall amount of settable coefficients
consequent to the high overall number of nodes and related links makes a high number of degrees
of freedom available, hence they may fit very complex databases.

2. Description of the models
2.1 USTUTT (MPA, IWB)
2.1.1 3D hygro-mechanical model for (painted) wood
The employed coupled hygro-mechanical model for wood [1] is extensively described in the
deliverable 3.2. The model consists of a mechanical part, based on the microplane material model,
and a non-mechanical part, based on the multi-fickian moisture transport in wood. The temperature
is assumed to be constant during the hygral analysis. However, the effect of the temperature value
on the moisture distribution is accounted for in the calculation of the orthotropic diffusion tensors for
the water vapour and the bound water:

𝑫𝑣 = 𝝃 2.31 x10−5 𝑝

𝑝𝑎𝑡𝑚

𝑎𝑡𝑚 +𝑝𝑣

𝑇

1,81

(273.15)

(1a)

Where 𝝃 contains the reduction factors for the material direction, 𝑝𝑎𝑡𝑚 [Pa] is the atmospheric
pressure, 𝑝𝑣 [Pa ] is the water vapor pressure and 𝑇 [𝐾] is the temperature.
−𝐸𝑏 (𝑤𝑏 )

𝑫𝑏 = 𝑫0𝑏 𝑒𝑥𝑝 (

𝑅𝑢 𝑇

)

(1b)

Where 𝑅𝑢 [J⁄(mol ∙ K)] is the universal gas constant, 𝐸𝑏 [J⁄mol] is the activation energy of the
bound water and 𝑤𝑏 = 𝑐𝑏 ⁄𝜌0 [kg of water/ kg of dry wood] is dry moisture content.
Based on this approach, it is possible to analyze the influence of different relative humidity histories,
combined with different temperature values, on the damage initiation in painted wood.
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Painted wood is characterized by a multi-layered structure consisting of a wooden support covered
on top with gesso, several paint layers and a layer of varnish. Environmental climatic variations, and
mainly humidity fluctuations, induce dimensional changes in the panel painting which lead to the
material degradation.
To properly capture these phenomena, the developed model for wood was further extended to
simulate the behaviour of painted wood under variable temperature and relative humidity. Namely,
two modelling approaches have been used, also described in the deliverable 3.2. The first approach
indirectly accounts for the presence of the top layers on the wooden support (gesso+painting
layer(s)) through a reduction of the wooden moisture uptake from the environment. This
phenomenon is also known as “barrier effect”. Therefore, the presence of the top layers is usually
expressed as a reduced external moisture transport to the environment and not as a separate
material layer on the wooden support.
The second approach, based on the explicit modelling of the coating is more complex, since
paintings are usually composed by several painting layers with very small thickness. Moreover, a
reliable formulation for painted wood should account for the realistic non-mechanical and mechanical
behavior of all components (wooden support, gesso and painting layer(s)), which is rather complex
from the theoretical and the implementation point of view. On the other side, only with the explicit
modelling of the coating it is possible to capture the main damage processes of the painting layer
(i.e. moisture-induced cracking and delamination) which is often the case of panel paintings
preserved in churches/museums.
With this premises, the explicit modelling approach for painted wood system (wooden substrate,
gesso and painting layer(s)) was here adopted to investigate the effect of the mechanical
disconnection of the painting from the wooden support (e.g. due to fungi attack), on the consequent
degradation (cracking) of the painting layer.

2.2 CETMA
2.2.1 Full scale 3D model of Council Chamber in Doge’s Palace
The approach used for the extension of dynamic analysis in different scenarios is based on the
explicit modelling applied to selection of wooden objects in the Full council Chamber. In particular,
the analysis carried out refers to planar wood panels located on the side walls of the full council
chamber of the Museum and to the gilded wood-carved frames on the ceiling of the same room as
described in the previous D3.2.
To contain the dimension of the finite element model, a selection of the gilded wood-carved frames
on the ceiling of the room has been necessary.
In all analysed cases, the numerical model of the material remains based on the macro mechanical
behaviour of wood already validated in previous analysis by USTUTT and described in deliverable
D3.2.
The generation of scenarios originates from the various loading conditions that may occur, basically,
due to human factor as visitors and maintenance personnel. The loading conditions for the model
are the acceleration-time curves generated by these different events:
• Scenario 1, increased number of visitors,
• Scenario 2, C22 vibration sensor data,
• Scenario 3, simultaneous presence of visitors and maintenance operations, scenario 1 + 2.

2.2.1.1 Number of visitors
In reference to the number of visitors, the previous analysis was carried out considering the
literature data recorded in the year 2011. To update the data and make it useful also beyond 2022,
it was considered the increase in visitors as in the case of a complete recovery of tourism. For this
evaluation the Yearbooks of Tourism made by the department of tourism of the city of Venice have
been analysed. The collected data relates to the visitors of the Civic Museums of Venice Foundation;
Page 8 of 35

Grant Agreement N°814596

the visitor’s presence is organized for each museum including the Doge’s Palace. The monthly and
annual number of visitors is provided for each institution, for the temporary exhibitions also the one
per day, with the relative variations and trends.
Referring to Doge’s Palace from 2011 and up to 2018, there was an increase in tourist flow of about
1% per year. Of course, the data are not always growing, there may be periods with even negative
variations in the presence of visitors due to external factors, such as flooding caused by tides.
For this activity and to have a safety margin, only positive changes in the percentage of museum
visitors were considered excluding the last years of global restrictions (Covid epidemic).
The Erreur ! Source du renvoi introuvable. below, reported from the Yearbooks of Tourism Data,
summarizes for years and months
the number of visitors in Doge’s Palace.
The data of interest for the analysis of the different scenarios of visitor flow are:
Total visitors 2011 : 1.403.524
Total visitors 2018 : 1.505.939
Increment from 2011 to 2018 : 7%
Total visitors 2019 : 1.432.220
Total visitors 2020 : 318.104
Total visitors foreseen 2023 : 1.579.084
Increment 2011 year 2023 : 12%
In March 2022, the number of international tourist arrivals in Italy rose significantly compared to the
first two pandemic years. That month, inbound tourist arrivals in the country totalled nearly four
million, more than tripling from March 2021 but remaining way below pre-pandemic levels.
Italian authorities have announced they will introduce entrance limitations into Venice. From the next
year 2023, the Venice city pass will be activated; travellers will only be able to visit the city once they
have booked their tickets online.
In these conditions, considering a linear increment, the max possible optimistic variation of the
visitor’s flow foreseen for 2023 could be about 12% compared to the year 2011.
Table 1 Yearbooks of tourism of Doge’s Palace in Venice

Visitors 2011-2016

Visitors 2016-2020

The loading curve of the year 2011 used in previous analysis has been proportionally incremented
for the generation of the loading scenarios referred to the visitors flow during the year 2023 as
reported in Figure 1. This incremented curve has been considered for the generation of the loading
scenario for the next year.
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a) Global loading curve

b) Detail range of the curves 2011 2023

Figure 1. New loading curve of incremented visitor’s flow a) b)

2.2.1.2 Sigicom C22 vibration sensor in Doge’s Palace
The loading accelerations for this scenario consider the data collected by the Sigicom C22 geophone
sensor installed in the Doge’s Palace since June 2022. The geophone is placed on the ground in a
room out of the visitors’ sight, at the same first floor of the Chamber of the Great Council, the distance
is about 30m.
The period considered for the analysis of data is 16June - 4July 2022 as shown in Figure 2 a) and
b); the peak acceleration is 33,2mm/s2 as reported diagram acceleration-time [s], the mean is 0,85
mm/s2, the standard deviation is 1,85mm/s2 .
a)

b)
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Figure 2. a) Global data of the C222 sensor. b) Detail data in the final part of the range

The flow of persons around the area of sensor is basically due to service operations and
maintenance personnel. The data for the generation of the loading scenarios, considered as
maintenance operations, has been applied to the 3D finite element model of the Council Chamber.
For the selection of the data to be used as input, taking into account the distance of the sensor from
the Chamber, the period with major duration of the peak of accelerations has been considered in
Figure 2 a) and b).

2.2.1.3 Scenario 3 simultaneous presence
In reference to the simultaneous presence of visitors and maintenance operations, the previous
loading conditions 1 and 2 were applied concurrently to the finite element model to generate the
scenario 3.
Therefore, acceleration curves due to the flow of visitors and due to the presence of maintenance
operations were applied in the same time interval.
In addition, the generation of frequencies due to the separated source has been evaluated; this part
has been carried out to provide clear data for the Decision-Making Tools developed in WP6. A
detailed description of the analysed frequency range is reported in D3.8.
The evaluation of the natural frequencies has been carried out in case the frequencies due to the
external factor are close to the natural frequencies of the wooden objects, these may lead to
structural damage.
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2.2.2 Numerical model for the Doge´s room
The developed numerical model, validated in Task 3.3, was used to set the parametric simulations
for the Doge’s room case study.
The model is represented in Figure 3: the room has two doors, which are always open, and without
windows. A Heating, Ventilation and Air Conditioning system (HVAC) is used to set the optimal
thermodynamical conditions inside the room. The air conditions system has an inlet and an outlet on
the external wall, that were used as inlet and outlet surface of the fluid domain. A lighting system is
present that is a heat source. Moreover, the presence of 5 people was hypothesized.

Figure 3. 3D model and boundary conditions for the Doge’s room

Considering that the environment was closed and air conditioned, the chosen parametric variables
were:
•
the HVAC system mass flow, supposing possible problems or defects of the air condition
system, like a blackout;
•
the number of people inside the room, varying between 5 (people present in the validated
model) and 20 (full room – Figure 3).

Figure 4. Variation of people inside the Doge's room

The monitored output parameters were:
•
Room temperature
•
Relative Humidity.
These are the thermodynamic conditions that most influence the status of the artefacts inside the
room.

Page 12 of 35

Grant Agreement N°814596

2.3 IUAV
This analysis is specifically performed on the most monitored room in Palazzo Ducale, i.e. “Sala
degli Scarlatti”. Here, we assume that the geometry, construction, adjacencies and fan-coil
heating/cooling capacity are the same as in the real case study. However, some boundary conditions
might vary, and hence be affected by uncertainty and incidental conditions, such as in the case of
infiltration air flow rates (related to aeration needs), occupancy, lighting levels as well as exceptional
outdoor air temperatures. In these conditions, the simulations that will be shown in this deliverable
are aimed at informing the facility manager about the possible realization of critical temperature and
relative humidity conditions, when boundary conditions are incidentally more demanding than
assumed under heating/cooling design conditions.
In particular, the following parameters were varied, with the listed values:
• Average infiltration air flow rate:
o Nominal value: 0.5 ach (air changes per hour):
o Multiplier: 0.05, 0.25, 0.50, 0.75, 1.00, 1.25;
• Peak occupancy in the room:
o Nominal value: 15 people
o Multiplier: 0.00, 0.25, 0.50, 0.75, 1.00, 1.25;
• Lighting power:
o Nominal value: 10 W/m²
o Multiplier: 0.00, 0.25, 0.50, 0.75, 1.00, 1.25;
• Outdoor air dry bulb temperature, minimum:
o Values: -5.0°C, -7.0°C, -9.0°C, -11.0°C;
• Outdoor air dry bulb temperature, maximum:
o Values: 32.5°C, 35.0°C, 37.5°C, 40.0°C;
Moreover, solar radiation during the day was kept null in the simulation of a critical winter day and
maximum for a critical summer day.
As a result, 3456 combinations were simulated.
The simulations generate results in terms of hourly values of room air temperature and relative
humidity. However, for the sake of facility managers’ understanding and consistency with established
regulations, results were extracted in order to match with the requirements by Italian standard UNI
10829 “Beni di interesse storico artistico” (Items of historical and artistic interest). Condizioni
ambientali di conservazione. Misurazione ed analisi”, which sets limits on temperatures and relative
humidity as exemplified in Table 2.
Table 2. Examples of boundary conditions recommended by Italian Standard UNI 10829.
Material

Air temperature band
[°C]

Maximum daily air
temperature drift [K]

Air relative
humidity band
[%]

Maximum daily
air relative
temperature drift
[%]

Wood
Marble
Gypsum

19…24
19…24
21…23

1.5
1.5

50…60
40…60
45…55

4
6
2

Consequently, the following outputs were extracted from the simulations:
-

Maximum value of the mean room air dry-bulb temperature in a critical summer day [°C];
Daily drift of the mean room air dry-bulb temperature in a critical summer day [K];
Minimum value of the mean room air dry-bulb temperature in a critical winter day [°C];
Daily drift of the mean room air dry-bulb temperature in a critical winter day [K];
Maximum value of the mean room air relative humidity in a critical summer day [°C];
Daily drift of the mean room air relative humidity in a critical summer day [K];
Minimum value of the mean room air relative humidity in a critical winter day [°C];
Daily drift of the mean room air relative humidity in a critical winter day [K].
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3. Results
3.1 USTUTT (MPA, IWB)
3.1.1 Validation of the model for mold growth risk
As a first step, the model for wood was further validated against experimental studies available in
the literature [2]. The aim of the study was to better understand how intermittent wetting periods
affect the mold growth on unpainted wood materials and which combinations of RH and temperature
are more critical for the mold formation.
Different wood species were experimentally tested [2], namely: aspen, larch, oak, scots pine and
Norway spruce. The last two were chosen both as heartwood and sapwood.
There were five boards of each material, constituting the replicates in the experiment. Each board
was cut into eight parts with dimensions 250 × 50 × 18 mm (longitudinal × tangential × radial),
providing one specimen of each board for each climatic chamber. The material was conditioned at
65% RH and 20°C until equilibrium MC was reached. The initial density and Moisture Content (MC)
were also determined by means of the oven-dry method (see [2]).
The specimens were mounted on rigs with two racks covered with plastic mesh for mounting the
specimens on one side, and a water hose with five nozzles for water spraying on the other side. The
exposure period lasted 91 days. The eight climatic chambers were operated in four pairs (see Table
3). Each pair was set to the same temperature and RH, but had different wetting periods. Air
temperature and RH were recorded in one climatic chamber from each pair, and the climatic settings
were regulated based on these recordings.
Table 3. Environmental conditions in the climatic chambers
1

2

3

4

5

6

7

8

76% RH
27 °C
2h wetting

86% RH
10 °C
2h wetting

58% RH
27 °C
2h wetting

58% RH
10 °C
2h wetting

85% RH
25 °C
4h wetting

86% RH
10 °C
4h wetting

65% RH
25 °C
4h wetting

68% RH
10 °C
4h wetting

In the framework of the task activities, only the pine sapwood was numerically analysed (density 574
[𝑘𝑔⁄𝑚3 ]. The FE discretization of the wood board is shown in Fig. 5a. The same as in the
experiments, the environmental boundary conditions for the moisture uptake (green vectors) were
applied to the front surface. Fig. 5b shows the RH variation with time for the climatic chamber 2.
The dry density (𝜌 = 574 kg⁄m3 ) and the porosity (𝑛 = 0.65) of pine are reported in [3]. The sorption
isotherms for pine are taken from the literature.
The amount of relative humidity at the wood surface determines the surface mold growth. In [3]
different existing models for mold growth are reviewed through comparison with the above described
experiments [2]. In the models, two different values of RH, respectively at the exposed surface
(RH(MC,surf)) and 3mm deep (RH(MC,surf)) and corresponding to the experimentally measured
moisture content (MC), were calculated based on the equation reported in [3] and taken from Glass
et al. [4]. The equation was modified to take into account the temperature and the wood equilibrium
MC (Eq. 3). This was done according to measurements performed during initial conditioning at 65%
RH, 20 °C and acclimatization in the climatic chambers prior to test start.
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Moisture flux

Figure 5. a) FE mesh and environmental conditions for the pine board; b) applied RH history for clima 2
𝑅𝐻
100

𝑀𝐶 𝑏

= 1 − 𝑒𝑥𝑝 [−𝑎 (100) ]

(2)

Where:
a = 31.156 for pine sapwood
b = 1.550 at 10 °C
1.523 at 25 °C
1.520 at 27 °C
In this study, the approach described in D3.2 was used to evaluate the RH and MC distribution in
the specimen (see D3.2). The obtained numerical results are shown in Fig. 6 in comparison with the
experimental curves.
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Figure 6. Hourly relative humidity (RH) for the average day of the exposure period. RH_air is assumed to be 100%
during the wetting period. RH(MC,surf) and RH(MC,3mm) are from measurements on one pine sapwood specimen
in each climate

It can be seen that for both pair of climatic chambers (1,2 and 5,6) there is a good agreement
between experimental and numerical results. In all cases, the wood RH(MC,surf) and RH(MC,3mm),
which are calculated from wood moisture contents are overall higher than the relative humidity in the
ambient air (RH_air), which confirms that the wood microclimate can differ from the ambient air
climate and this aspect is fundamental for the mold formation. The difference occurred because the
wood retained some of the absorbed moisture also after the wetting period. This difference is larger
in colder climates. Based on this model validation, suitable (RH, T) limit curves for mold growth
available in the literature [5], have been provided for the Decision-Making Tools developed in WP6.
A detailed description of the proposed function is described in D3.8.

3.1.2 Parametric study on painted wood
3.1.2.1 Material properties and FE model
After model validation, the same environmental input described in Section 3.1.1 was used to perform
a parametric study on a painted wood sample in order to identify critical environmental areas (RH,
T) for damage initiation, e.g. cracking or delamination of the painting layer.
The 3D FE discretization of the model obtained with 3D eight node solid elements, is shown in Fig.
7. The sample (60x60x5.75 mm) consists of a wooden substrate (5mm thick-brown) made of oak, a
layer of gesso (0.5 mm thick-grey) and a painting layer (0.25 mm thick-blue). The longitudinal (grain)
direction of wood coincides with (z) axis in the global coordinate system. The rings are oriented at
30° with respect to the global y axis (Fig. 7c).
It is assumed that due to fungi attack the mechanical connection (provided by gesso) between wood
and painting layer is lost. This results in a predefined damaged area (10x10 mm) assumed in two
possible locations: at corner (sample I – Fig.7a) or at mid-side of the specimen (sample II – Fig.7b).
A bigger damaged area (16x16 mm) at mid-side was also investigated (sample III). The
environmental boundary conditions are applied at the top surface with unidirectional moisture flux in
y(–) direction.
It is worth mentioning that the model was not validated for this application against experiments (Task
3.4). The reason was the difficulty to realize such thin (0.5 mm) pre-damaged area.

a)

b)

c)
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Figure 7. FE discretization painted wood: a) corner damaged area (10x10mm); b) mid-side damaged area
(10x10mm); c) mid-side damaged area (16x16mm)

The same relative humidity histories investigated in [2] were used in the parametric study. Namely,
the following parameters were analyzed:
- relative humidity levels and durations (according to section 3.1.2 for clima 2 and 4)
- location and dimension of the damaged area (according to Fig. 7).
The mechanical properties for wood and coating were chosen based on literature data. As shown in
[1] the material (microplane) parameters are determined on the single unit size finite element in
radial, tangential and longitudinal directions by trial and error, in order to fit the macroscopic response
of the pre-notched test specimen made of oak. The obtained tensile stress-displacement curves for
the three material directions (R,T,L) are shown in Fig. 8.
Fig. 9 shows the tensile constitutive law assumed for the coating (gesso and painting), which was
taken from the literature [6,7].

Figure 8. Stress-displacement curves for oak: a) R, T directions; b) L direction

Figure 9. Stress-strain curves for painting and gesso
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As concerns the non-mechanical properties for moisture transport, the same sorption curves were
assumed for wood and coating. According to [8] the water vapour permeability for oak was set equal
to 2.5 x 10-11. Since both gesso and painting act as barriers to the moisture uptake from the
environment, a lower water vapor permeability was assigned to the coating (9.0 x 10-12). The dry
density (𝜌 = 700 kg⁄m3 ) and the porosity (𝑛 = 0.52) of oak are based on experimental
measurements performed at the Materials Testing institute (MPA) of University of Stuttgart. The
sorption isotherms for oak are taken from [9].
The hygro-mechanical coupling of the model [1] is performed by continuous update of the governing
parameters of the incremental transient finite element analysis using staggered solution scheme, i.e.
in each time step Δ𝑡, the partial differential equation for transport of moisture and the equilibrium
equation (mechanical part of the model) are solved simultaneously. This implies that in the
mechanical part of the analysis the non-mechanical properties of wood are assumed to be constant
and vice versa.
The effect of the asymmetric distribution of moisture in the specimen is accounted for in the
mechanical part of the model through decomposition of the total strain tensor (𝜀𝑡𝑜𝑡 ) into: (i)
mechanical part, e.g. elastic (𝜀𝑒𝑙 ) and damage (𝜀𝑑𝑎𝑚 ) strains (microplane constitutive law), and (ii)
non-mechanical part, e.g. hygro-strain due to swelling-shrinkage (𝜀ℎ𝑦𝑔 ):

𝜀𝑡𝑜𝑡 = 𝜀𝑒𝑙 + 𝜀𝑑𝑎𝑚 + 𝜀ℎ𝑦𝑔

(3)

The swelling and shrinkage strains are calculated based on the dry moisture distribution
(𝑤𝑏 = 𝑐𝑏 ⁄𝜌0 ) obtained from the non-mechanical part of the model:
𝜀ℎ𝑦𝑔 (𝑤𝑏 ) = 𝛽(𝑤𝑏 − 𝑤𝑏,𝑟𝑒𝑓 )

(4)

where 𝑤𝑏,𝑟𝑒𝑓 is the reference moisture at the initial state and 𝛽 = [𝛽𝑟 ; 𝛽𝑡 ; 𝛽𝑙 ; 0; 0; 0]𝑇 contains the
shrinkage/expansion coefficients for the three material directions. According to literature studies [10]
the following coefficients were used for oak : 𝛽𝑟 = 0.15; 𝛽𝑡 = 0.30; 𝛽𝑙 = 0.008. Since both gesso and
painting act as “barriers” to the moisture uptake from the environment, they swell/shrink much less
than wood. Therefore, the same expansion coefficient for oak in the longitudinal direction (𝛽 = 0.008)
was assumed for the coating (gesso and painting).

3.1.2.2 Results and discussion
The damage development in sample I (Fig. 7a) after 45 and 91 days of the analysis, is shown in Fig.
10 for clima 2 (86-99%RH, 2hours wetting, T=10 °C) and clima 4 (58-99%RH, 2hours wetting,
T=10 °C). Damage is represented in terms of maximum principal strains, with maximum value (red
zone in the legend) corresponding to a crack width (𝑤) of 0.2 mm. The maximum strain value of 0.2
[-] is calculated as ratio between 𝑤 and the average element size of 1mm. It can be seen that for
clima 2 conditions (Figs. 10a,c) after 45 days there are visible cracks in the longitudinal (grain)
direction of wood, since the maximum expansion of the material occurs in the radial-tangential plane.
The maximum damage is localized in the corner zone, surrounding the pre-damaged area, with
consequent (possible) detachment of the painting. Differently, not significant damage is observed for
clima 4 (Figs. 10b,d) during the entire loading history. This result is consistent with studies of the
literature [11] showing that the critical RH for wood, above which degradation (cracking, mold) can
occur is 80%RH. However, even for clima 4 (58% RH) the intermittent wetting periods, repeated in
time, can be critical for crack propagation (Figs. 10b,d).
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a) Clima 2: 45 days

b) Clima 4: 45 days

c) Clima 2: 91 days

d) Clima 4: 91 days

Figure 10. Damage development in painted wood (sample I): a) clima 2, 45 days; b) clima 4, 45 days; c)
clima 2, 91 days; d) clima 4, 91 days

The results obtained for sample II are shown in Fig.11.

a) Clima 2: 45 days

b) Clima 4: 45 days

c) Clima 2: 91 days

d) Clima 4: 91 days

Figure 11. Damage development in painted wood (sample II): a) clima 2, 45 days; b) clima 4, 45 days; c)
clima 2, 91 days; d) clima 4, 91 days
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a) Clima 2: 45 days

b) Clima 4: 45 days

c) Clima 2: 91 days

d) Clima 4: 91 days

Figure 12. Damage development in painted wood (sample III): a) clima 2, 45 days; b) clima 4, 45 days; c)
clima 2, 91 days; d) clima 4, 91 days

3.2 CETMA
3.2.1 Parametric study on the CH objects of Council Chamber in Doge’s Palace
The evaluation of the effects of the pedestrian loading in Doge’s Palace on CH objects is based on
the following hypothesis:
1) The activity carried out refers to the Council Chamber;
2) The estimation of the period of maximum visitor’s flow rate and the definition of the typical
acceleration diagram as measure of the vibrations in the Council Chamber.
3) The real accelerations and frequencies data stored in Doge’s Palace since June 2022 by
mean the Sigicom C22 vibration sensor.
4) The contemporary occurrence of maximum visitor’s flow and the new data of C22 vibration
sensor.
On the basis of these considerations, 3 different scenarios have been considered and the effects of
vibrations evaluated. The visitors flow remains the main source of the vibration during the peak of
presence. The representative peak month is October as evidenced in the Yearbooks of tourism for
the contemporary presence of others additional events in Venice.
The data of the visitors’ flow and the effect of the ambient vibrations have been measured at four
different locations on the façade of the Council Chamber.
The data stored by the C22 vibration sensor are measured in a single location at the level of the floor
in a secondary room.
These collected accelerations and frequencies have been used as input loading in the finite elements
model for the simulations. The acceleration time curve has been used for the time 20s as loading in
the finite elements analysis carried with Ls-Dyna code.
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Regarding the dominant frequencies, the major part are found in the range 1 ÷ 21 Hz. These
reference values are compared whit the natural frequencies of the CH objects.

3.2.1.1 Results of the scenarios 1,2,3 for wooden panels
The initial analysis carried out refers to planar wood panels located on the walls of the Council
Chamber in the Doge’s Palace, the main Museum of Venice. The position of the panels is reported
in Figure 13 on the right with the internal detail of the Chamber; the wall in proximity of the panels
hosts the 4 sensors used to monitor the structure. Three piezo-electric uniaxial accelerometers and
one triaxial accelerometer have been used by the University of Venice as described in the literature
data reported in the D.3.2.

Figure 13. Doge’s palace in Venice and wood panels in the Council Chamber

Figure 14. Discretization of part of wood panels in the Council Chamber.

The finite element model of the wood panels with its boundary condition is reported in Figure 14.
The wooden panels are discretized with four nodes shell elements, assuming plane plain strain. The
panels have the boundary nodes with all degrees of freedom constrained to represent the fixing to
the wall.
The numerical model, selected in the library of Ls-Dyna code, for wood behaviour in the dynamic
simulations is transversely isotropic. The different properties are modelled parallel and perpendicular
to the grain. The modelling of damage considers an elastoplastic damage model. In particular, the
damage model uses two separate formulations for the parallel and perpendicular modes. The input
data have been provided by the macro mechanical model validated by USTUTT.
The 3 loading conditions of each scenario have been applied, the results are reported separately in
terms of stress in Figure 15, scenario 1, scenario 2, scenario 3.
The results of the simulations considering the loading conditions of the scenario 1 show the max
stress in X direction on the panels after 19,8s that is 1.055·10-1 [MPa].
The loading conditions of the scenario 2 produce the max stress in X direction on the panels after
19,8s that is 1.41·10-1 [MPa] in X direction.
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The loading conditions of the scenario 3 generate the max stress in X direction on the panels after
19,8s that is 1.45·10-1 [MPa] in X direction.
In all the analysed cases, in the same conditions excluding the loading, an increment of the stress
has been evidenced on the panels. Anyway, the level of stress is very low for this type of material.
The considered acceleration loading conditions, applied in all the 3 scenarios, seems to avoid
damage for this wooden panels considering all the hypotheses (duration, accelerations, constraints,
threshold limit of 0,1g [12]). In fact, the damage distribution, reported in Figure 16, on all the panels
is zero.

Scenario 1

Scenario 2

.
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Scenario 3

Figure 15. X stress distribution [MPa] on the panels after 19,8s for the scenario 1, 2, 3

Scenario1,2,3

Figure 16. Absence of damage [0%] on the panels in all considered scenarios

In addition, the evaluation of the natural frequencies and mode shapes of the wooden panel has
been considered. The frequencies of each loading conditions have been reported for comparison; in
case the frequencies due to the presence of persons are close to the natural frequencies of the
wooden objects, the loading may lead to resonance phenomenon.
In Figure 17, the natural frequencies and mode shape of the wooden panels have been collected.

a) 607Hz

b) 1056Hz

c) 1268Hz

d) 1348Hz
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Figure 17. Natural frequencies and mode shape of the wooden panels, range 600÷1348 Hz.

In this case, the results of the analysis carried out in Figure 17 a), b), c), d) show that the range of
the first natural frequency 600÷1348 Hz is far from the dominant frequencies due to the flow rate of
visitors 2÷21 Hz.
The frequencies of each scenario (1,2,3) of loading are reported in Figure 18 with the main frequency
distribution and the max value that occurred. The distribution of the main frequencies for the scenario
1 is in the range 2 ÷ 20 Hz, the max value is 105Hz. The distribution of the main frequencies for the
scenario 2 is in the range 4,7 ÷ 30 Hz, the max value is 102Hz. The distribution of the main
frequencies for the scenario 3 is in the range 2 ÷ 30 Hz, the max value is 105 Hz. Therefore, the
human presence of visitors and service personnel seems to avert the risk of interaction with the
resonant frequencies of wood panels.

Scenario 1
Frequencies
distribution:
main 2 ÷ 20 Hz
max 105Hz

Scenario 2
Frequencies
distribution:
main 4,7 ÷ 30 Hz
max 102Hz
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Scenario 3
Frequencies
distribution:
main 2 ÷ 30 Hz
max 105Hz

Figure 18. Summary of frequencies for each considered loading conditions.

3.2.1.2 Results of the scenarios 1,2,3 for the gilded wood-carved frames (ceiling).
In addition to the wood panels, in the Council Chamber there are a lot of gilded wood-carved frames
on the ceiling of the room as reported in the images in Figure 19.

Figure 19. Selection of gilded wood-carved frames in the Full Council Chamber of the Doge’s Palace.

For the evaluation the effects of the 3 different scenarios of loading on these wooden frames it was
necessary to consider all the context and boundary conditions. In details the finite element model of
the Council Chamber, already modelled and described in previous D.3.2, has been used.
Regarding the layers of gesso and painting on the frames, validated data available in literature
[11],[12],[13] have been considered.
With the same approach and conditions of the preceding analysis, the 3 scenarios of loading have
been applied to the model.
The loading conditions are the acceleration time curves generated by the 3 different events:
•
•
•

scenario 1, increased number of visitors,
scenario 2, C22 vibration sensor data (maintenance operations),
scenario 3, simultaneous presence of visitors and maintenance operations.

The loading curves were applied to the structure for a duration of 20s. The simulations were carried
out with ls-Dyna code.
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The results of the effects of the pedestrian loading in the Council chamber on the gilded wood-carved
frames are reported in Figure 20 with Scenario 1, 2, 3. In all conditions, the acceleration values are
in the range 10-8÷10-6 mm/s2.The main level of loading occurs in the scenario 2 and 3 with an
extension of the stressed area.
The considered acceleration curves due to visitors seems to avoid damage considering all the
hypotheses duration, accelerations, constraints, literature threshold limit of 0,075g and position of
the object. In fact, the damage distribution on the gilded wood carved frames, reported in Figure 21
for all the scenarios, is zero.

Scenario 1

Scenario 2

Scenario 3
Figure 20. Results of the 3 scenarios on the selected gilded wood-carved frames, mm/s2.

Page 26 of 35

Grant Agreement N°814596

Scenario1,2,3
Figure 21. Zero damage distribution [0%] on the gilded wood-carved frames .

Then, the evaluation of the natural frequencies of the wooden frames has been carried out as
summarized in Figure 22. The aim is to verify in case the frequencies generated in the scenarios are
close to the natural frequencies of the wooden objects, the loading conditions may lead to additional
loading.
In this case the frequencies range due to persons (2 ÷ 30 Hz , scenario 3) may affect the natural
frame frequencies (0,1 ÷ 2 Hz), the common value is 2 Hz due to the scenario 1 and 3 (Figure 18).
Therefore, the human presence of visitors and service personnel seems to contribute to the risk
increase of interaction with the resonant frequencies of gilded wood carved frames

a)0,1Hz

b)2Hz

Figure 22. Natural frequencies and mode shape of the gilded wood carved frames 0,1-2 Hz.

3.2.1.3 Results of the scenarios 1,2,3 for the Council Chamber
Finally, the areas of the Council Chamber with the major probability of vibrations have been analysed
for all the 3 scenarios of loading.
The results of the simulations considering the 3 scenarios of accelerations applied to the Council
Chamber, are summarized in Figure 23 in terms of percentage of probability of vibrations. The area
most exposed to external stress includes the inner walls of the chamber; the part affected is mainly
that around the doors and windows where there is the continuity of the masonry.
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Scenario 1
P =80÷90%

Scenario 2
P =80÷85%

Scenario 3
P =80÷95%

Figure 23. Results of the 3 scenarios on the Council Chamber, area with major probability P of vibrations.

As well the evaluation of the natural frequencies and mode shapes of the wall of the Council
Chamber has been considered. The frequency values of each loading conditions have been reported
for comparison; when the frequencies due to the presence of persons are close to the natural
frequencies of the Chamber, the loading may lead to resonance phenomenon and risk of damage.
Even in this case, the range of frequencies due to personnel and visitors (2 ÷ 30 Hz) may affect the
natural frequencies of the structure (1,34÷2,8 Hz) on the basis of literature data collected in D.3.2
for modelling the various stones of the masonry; the common warning values are in the lower part
of the range 1÷3 Hz for the scenario 1 and 3.
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a) 1,34Hz

b) 1,44Hz

c) 1,68Hz

d) 2,08Hz

Figure 24. The first natural frequencies and mode shape of the Council Chamber wall in the range 1÷3 Hz.

3.2.2 Parametric study on the Doge’s room
CETMA performed the parametric simulations of the Doge’s room considering the following
boundary conditions of the summer season.
•
•
•
•
•
•

Heating, Ventilation and Air Conditioning System
o Inlet
Mass Flow Rate = 0,14 Kg/s - T = 16,6°C - RH = 91%
o Outlet
Pressure = 0Pa - T = 26°C - RH = 62%
External wall
Q = 10.91 W/m2
Internal walls
Adiabatic
5 people
T = 37°C
Lighting
Q = 10 W/m2 for unit
Doors (open)
Pressure = 0 Pa - T = 26 °C - RH = 62%

In this standard condition, the average Room Temperature was 26.2 °C and the Relative Humidity
was 62.5%.
To simulate different scenarios a variable mass flow inlet of the HVAC was considered, from 0 kg/s
(blackout of the system) to 0.5 kg/s.
The parametric study provided the curves of variations of the temperature and relative humidity
inside the room as a function of the air condition mass flow. The graphs are reported in Figure 25
and Figure 26.

Page 29 of 35

Grant Agreement N°814596

Figure 25. Room Temperature variation vs HVAC mass flow

Figure 26. Room Relative Humidity variation vs HVAC mass flow

Another parameter taken into account was the number of people inside the room, from 5 to 20. The
graphs in Figure 27 and Figure show the temperature and relative humidity values as a function of
the number of people inside the room.

Figure 27. Room Temperature variation vs number of people
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Figure 28. Room Relative Humidity variation vs number of people

This model has been used to study the more complex case study, Scarlatti’s room, to obtain the
damage threshold values and warning levels of temperature and humidity (D3.8).

3.3 IUAV
The results from the simulations have been collected in terms of the following output parameters:
-

Minimum zone mean air temperature reached during the winter design day, with the relevant
assumed temperature (parameter Erreur ! Source du renvoi introuvable. in 2.3);
Daily drift in the zone mean air temperature reached during the winter design day;
Maximum zone mean air temperature reached during the summer design day, with the
relevant assumed temperature (parameter Erreur ! Source du renvoi introuvable. in 2.3);
Daily drift in the zone mean air temperature reached during the summer design day;
Minimum zone mean air relative humidity reached during the winter design day;
Daily drift in the zone mean air relative temperature reached during the winter design day;
Maximum zone mean air relative humidity reached during the summer design day;
Daily drift in the zone mean air relative temperature reached during the summer design day.

The simulations output values were distributed as shown in Table 4 and Figure 29.
Table 4. Maximum/Minimum values of output parameters.

Maximum

Temp.
Max
Summer
[°C]
25.19

Temp.
Delta
Summer
[K]
1.19

Temp.
Min
Winter
[°C]
20.00

Temp.
Delta
Winter
[K]
2.02

RH
Max
Summer
[%]
68.80

RH
Delta
Summer
[%]
21.08

RH
Min
Winter
[%]
76.34

RH
Delta
Winter
[%]
25.82

Minimum

24.00

0.00

11.32

0.00

41.99

0.03

10.17

0.00
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Figure 29. Distribution of occurrences (absolute and cumulated) of output values for a) Maximum value of the mean
room air dry-bulb temperature in a critical summer day [°C], b) Daily drift of the mean room air dry-bulb temperature in
a critical summer day [K], c) Minimum value of the mean room air dry-bulb temperature in a critical winter day [°C], d)
Daily drift of the mean room air dry-bulb temperature in a critical winter day [K], e) Maximum value of the mean room
air relative humidity in a critical summer day [°C], f) Daily drift of the mean room air relative humidity in a critical
summer day [K], g) Minimum value of the mean room air relative humidity in a critical winter day [°C] and h) Daily
drift of the mean room air relative humidity in a critical winter day [K].

Finally, the values were resumed by means of Artificial Neural Networks (ANNs).
This data was resumed by means of artificial neural networks, one per parameter. The accuracy of
artificial neural networks depends on the number of hidden layers and nodes per layer, thus each
set of input-output data may be optimally fitted by an artificial neural network with the optimal
combination of hidden layers and nodes per layer. The development of artificial neural networks
consists in two phases:
- Training phase. In this phase, the settable coefficients are iteratively changed in order to
maximize the accuracy in the prediction of the output parameter for a subset of the given
input-output dataset (for instance, 85% of the records contained in the original dataset).
- Test phase. In this phase, the just set coefficients are tested in order to estimate the accuracy
in the prediction of the output parameter for the remaining subset of records of the given
input-output dataset (for instance, the remaining 15% of the original dataset, i.e. for records
not involved in the training phase).
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The optimal artificial neural networks for each output parameter are resumed in Table 5, in terms of
number of hidden layers, number of nodes per hidden layer and gaps (losses) between the predicted
(by the artificial neural network) and the actual (i.e. calculated by means of building energy
simulation) values. Each optimal artificial neural network comes from a parametric analysis aimed at
selecting the most accurate artificial neural network synthesizing the correlation. The very low losses
both in the training phase and in the test phase confirm the accuracy of these artificial neural
networks in predicting the possible maximum/minimum temperature and relative humidity as well as
temperature and relative humidity drifts (i.e. data used as key performance indicators by Italian
Standard UNI 10829), with no direct use of complex building energy simulation tools.
Table 5. Characteristics of the chosen ANNs.
Output_Label
Number of hidden layers

Temp. Temp. Temp. Temp.
RH
RH
Max
Delta
Min
Delta
Max
Delta
SummerSummer Winter Winter Summer Summer
[°C]
[K]
[°C]
[K]
[%]
[%]
1
2
2
2
2
2

Number of nodes per hidden layer 16
8
8
16
40
Losses – Training
7.72E-11 0.094 0.00341 0.00389 0.00935
Losses - Test
1.68E-11 0.0788 0.00332 0.00377 0.0091

24
0.0365
0.0349

RH
Min
Winter
[%]
2

RH
Delta
Winter
[%]
1

16
0.00606
0.00589

16
0.00315
0.00309

4. Conclusions
4.1 USTUTT (MPA, IWB)
The hygro-mechanical model for (painted) wood developed in Task 3.1 was employed in Task 3.5
to derive useful (RH,T) functions and threshold values to be integrated in the Decision-Making Tools
(DMT) developed in WP6. A parametric numerical study was performed on painted wood, with
specific application to the Case Study 2 of ARC-Nucléart in Grenoble (WP7), which includes
composite materials, such as multilayers coating (painting) on a wooden substrate.
First, the model was successfully validated against existing mold growth experiments on pine wood.
The model can realistically predict the distribution of relative humidity in the specimen for different
climatic (RH,T) conditions. It is shown that due to intermittent wetting periods wood retains the
moisture, with consequent mold formation. Based on this model validation, suitable (RH, T) limit
curves for mold growth available in the literature [5], have been proposed for the DMT (WP6). A
detailed description of the functions is provided in D3.8.
Thereafter, a painted wood sample was numerically analyzed for different RH,T conditions in order
to identify critical combinations for damage initiation (i.e. cracking and/or pealing of the paint layer).
The obtained results are very consistent with literature studies, in terms of critical environmental
conditions above which deterioration of the material (mold, cracking) is expected to occur.
Based on the validated approach, further parametric study was performed with respect to realistic
(RH,T) input provided for the Case Study 2. Based on the obtained results, limit curves and threshold
values for damage initiation in painted wood were derived. Such functions are presented and
discussed in D3.8.
The proposed numerical approach, based on a phenomenological understanding of the main
degradation processes in painted wood, is a useful tool for the damage analysis of CH artefacts.
Based on proper validation against experiments, the model can realistically predict critical
environmental scenarios, beyond which the material can experience damage (cracking). This aspect
is fundamental to prevent the further deterioration of sensitive materials of Cultural Heritage.
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4.2 CETMA
The Finite Element (FE) model for the analysis of mechanical behaviour of the case study in Venice,
has been used with different loading conditions. Three different scenarios of loading have been
analysed considering wooden objects present in the Full Council Chamber of the museum. The
generation of the loading conditions is based on the foreseen of increased tourist flow for the next
year 2023 and on the data collected by the C22 vibration sensor installed.
The CH objects were numerically analyzed for each situation of loading in order to identify critical
combinations for damage. The natural frequencies and mode shapes have been considered for the
presence of resonance vibrations. For two of the three scenarios, the frequencies generated lead to
additional loading for resonance that may affect the gilded wood carved frames (Figure 22).
The achieved results of finite elements simulations have been organized by mean threshold values
and probability of damage occurrence in wooden materials. These relationships of the results and
corresponding usable data for the DMT are reported in the deliverable D3.8.

4.3 IUAV
IUAV performed parametric simulations of the thermal behaviour of room “Sala degli Scarlatti” in
Palazzo Ducale. The consequent results were converted into Artificial Neural Networks, by choosing
among a vast set of ANN architectures. Compared with other regression algorithms, ANNs have a
high degree of accuracy, but, due to their complexity, they are scarcely diffuse in applications in the
field of cultural heritage preservation. However, the experimental application performed in this case
study in “Palazzo Ducale” confirmed their high overall accuracy in mimicking the profile of
multivariate functions aimed at forecasting temperature and relative humidity in rooms hosting
cultural heritage objects and undergoing critical conditions in internal heat gains and/or weather. In
the future, cultural heritage institutions might supply the most important parameters and data able to
describe geometry, construction, HVAC system and use for each single zone of museums, churches,
etc., so that its behaviour can be calculated under any possible condition (by means of specialistic
building energy simulation tools) and the results can be passed back to the cultural heritage
institutions as artificial neural networks that can be used in tailored control and building automation
systems. Further testing of this approach could be useful, as well as the preparation of a tool for the
automatic development of parametrical building energy simulations and the generation of
consequent artificial neural networks.
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