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Abstract: Due to climate change, ceiling paintings in many historic buildings are subjected to
increasingly high short-term temperature change, resulting in high thermal tension caused by the
construction assembly. This article focuses on the combined use of timed IR imaging and numeric
modelling to evaluate insulation measures on the upper side of a ceiling to reduce thermal tensions
in the painting layers, overheating in summer as well as cooling down in winter. As a model room,
the southern splendour stair hall in the Burgtheater Vienna was chosen. Famous ceiling paintings
created from 1886 to 1888 by Gustav Klimt and his brother Ernst Klimt can be found on this ceiling.
The results show that timed IR imaging is an adequate tool to study the transient thermal behaviour
of ceiling paintings which are not accessible to standard sensor measurements. Moreover, it could be
shown that the presented measurement technique is well suited to validate a numeric model. The
latter was applied to evaluate the potential insulation on the top of the ceiling. It was shown that
cooling loads and energy loss in the room underneath can be reduced and most importantly the
thermal stress in painting layers is reduced. The findings are relevant as, due to global warming, the
current situation in many buildings is worsening. Considering the great intangible cultural value of
many ceiling paintings, the application of the presented evaluation strategy for building physical
boundaries on a ceiling with paintings seems to be appropriate.

Keywords: ceiling insulation; infrared thermography; secco painting; FE modelling; thermal tensions;
overheating protection; simple smart buildings

1. Introduction

The average temperature in the city centre of Vienna has risen by more than 2 ◦C within
the last 30 years and is expected to rise even more until the end of this century [1,2]. An
expert interview amongst cultural heritage experts has shown that mitigation of climate
change also requires measures in the cultural built heritage sector, which is a complex
multivariate task [3]. They agree on the fact that cultural heritage has to be adapted in order
to mitigate harmful effects of climate change on the building heritage [4] and to ensure
visitor comfort [5]. Rising temperatures display a risk for the cultural heritage because of
both thermal stress in construction elements and inappropriate alterations to the historic
construction when introducing engineering solutions [6].

Aiming to ensure visitor comfort, in many historic buildings, cooling strategies are
considered. In cultural heritage, a compromise between visitor comfort and preservation of
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artwork regarding climate conditions has to be found—a challenge that can be addressed
by using numerical simulation tools [7]. A study in the Uffizi Gallery, Florence, has shown
that the microclimate created with HVAC systems can be disadvantageous to art objects
because temperature and relative humidity are not in balance with the ones of the building
structures. The latter very often is characterised by thick and massive walls in traditional
buildings. Interestingly, during days where the HVAC system was out of operation, the best
conservational conditions for paintings were observed [8]. A similar study was published
in 2008 by the facility management of the Germanic National Museum, Nuremberg [9].

Apart from classical air conditioning systems, it was shown that traditional buildings,
such as the Burgtheater Vienna, can be cooled by applying a combination of controlled
ventilation with a minimalized cooling degree, shadowing and insulation of selected
construction elements [5]. The Burgtheater is equipped with an air-well system originating
from construction time, a system which was shown to be suitable for modern climate
control in the Neue Burg, Vienna [10]. A key for developing effective cooling strategies for
traditional buildings is the consideration of the high thermal mass of massive construction
elements [11].

A study on a temple in Bangkok, Thailand, has revealed that ceiling insulation, low
absorption roofs and attic ventilation are a means to lower peak indoor temperatures in
old buildings. Passive cooling strategies rather than HVAC systems are used in Buddhist
temples because of religious constraints [11]. Extreme temperature conditions can harm art
objects and can even lead to a substantial change of pigments in paintings [12], which was
confirmed to a minor extent by the cracks on the Klimt paintings in the Burgtheater [13].
Ceiling insulation attenuates the temperature peaks in a construction element by increasing
its thermal mass and lowering the heat flow rate through it. This physical fact is relevant
for light constructions, such as the ceiling of the splendour stair hall in the Burgtheater
Vienna. It was shown in this context that the commonly used calculation of U-values does
not precisely reflect the ceiling’s thermal behaviour because the benefits of a construction’s
thermal mass are not taken into consideration [14]. It was shown that numerical models
can be used to study the effects of thermal insulation on ceilings with complex cross
sections [15]. Multi-sensor in situ measurements are an effective measure to test the validity
of models [16,17].

Infrared thermography is a non-invasive method in building research to visualize
hidden structures or construction elements, using differences in thermal conductivity when
there is a sufficiently large temperature difference between inside and outside. Another
approach is to use differences in heat storage capacity when unheated buildings are in-
vestigated [18]. Stimulated infrared thermography can be applied in painting restoration
to detect painting structures. The painting that shall be analysed is excited with a flux of
photons, and the surface temperature is increased, depending on the material’s thermal
characteristics, resulting in a temperature variation [19]. Timed infrared imaging analysis
was used to study decay mechanisms related to moisture presence in St. Eldrad’s chapel
near Turin, Italy [20], or to detect delaminations in fresco plaster [21].

The Burgtheater Vienna was built at the end of the 19th century and is both one of
the most important and the second oldest straight theatre in Europe. It was planned by
Gottfried Semper and Carl Hasenauer and is equipped with, for those times, advanced
building equipment such as an air ventilation tunnel, developed by Carl Böhm and Eduard
Meter.

The building consists of the central theatre and two spacious stair halls with a barrel
vault (Figure 1). Its construction is a clasps construction with brickwork fillings. A similar
vault construction can be found in the Museum of Natural History in Vienna, which was
erected at the same time as the Burgtheater [22]. The metal construction likely consists of
wrought iron because the use of Martin steel for such constructions was obligatory not
before 1894 in the Danube Monarchy [23].
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Figure 1. Splendour stair hall of the Burgtheater with ceiling paintings created by Gustav Klimt [24].

The arched ribs, carrying the segment barrel vault, are mounted with a distance of
82 cm in the plane of the vault. The ribs are curved and have a T- or rectangular cross
section with a height of 12 cm and a width of 2.5 cm. These ribs made of wrought iron have
their support in the lateral walls of the staircase and hang on five purlin-like lattice girders
made from wrought iron running in the length direction of the stair hall. Between these
ribs, there are brick elements with poured-in clasps hanging in the ribs, the latter with a
distance of 10 cm on average. The bricks are covered with mortar with a thickness of 1 to
4 cm on their upper side. The mortar layer is levelled with the iron ribs, and the clasps
carrying the brick filling are visible from the upper side [19]. Contrary to the vault in the
Museum of Natural History, where the vault is filled with a Hourdis-Creux system [17],
solid bricks were used in the Burgtheater. This was shown by a local opening of the plaster
in the attic [25]. Towards the lower side, there is most likely a wooden lathing with a metal
lattice plaster base attached.

Considering the time of origin, the plaster on the bottom of the vault is highly probably
lime plaster with a thickness of 15 mm. In the area of the ceiling ornaments, the plaster is
significantly thicker.
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The final painting layer of the paintings at the border, which were decorated by Karl
Josef Geiger, was attached using the marouflage technique. Smooth and slightly pasty oil
painting on canvas with Panama binding was attached to the ceiling using probably white
lead. The central paintings on the ceiling of the staircase were painted by Gustav Klimt
using the oil-bound secco technique [13,26].

A recent expert opinion from 2020 focusing on the conservation status of the paintings
showed that they are in good condition, despite minor dust deposits and small local
hollow areas. Nevertheless, alongside the iron ribs, the paintings show little cracks [13],
probably due to the high thermal loads caused by the quick warming and cooling of the
iron elements [27].

2. Research Aim

In many historical buildings with ceiling paintings such as the stair hall of the Burgth-
eater Vienna, the heat input via the ceiling must be reduced to minimize thermal stress on
the valuable ceiling paintings. The winter energy loss and the heat input in summer via the
ceiling should also be reduced for reasons of costs and visitor comfort. Between 1982 and
2019, the daily mean temperature in the city centre of Vienna rose by 0.1 ◦C throughout the
year [2]. This development emphasizes the need to address the issue. This study focused
on combined long-term measurements of thermal boundaries and transient IR imaging
of a ceiling with paintings. The results were used to validate a finite element (FE) model,
which is used to evaluate whether insulation on the ceiling’s upper side is suitable to lower
short-term temperature variations on its bottom side.

3. Materials and Methods
3.1. In Situ Measurements

Measurements of the ceiling of the southern staircase of the Burgtheater Vienna were
conducted between 18 February and 13 August 2020 (171 days, Figure 2). From March 10,
the warm-air heating system of the stair hall was out of operation due to the closure of the
theatre because of the COVID-19 restrictions. This is a fortunate occasion for the current
research project because the languid building structure could be studied without heating
interference.

Figure 2. Section through the southern splendour stair hall with position of the sensors [28].
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During this period, the air temperature, air humidity and surface temperatures on the
ceiling’s upper side were logged. Additionally, the air temperature and the air humidity
were measured at various positions in the stair hall. Surface temperatures were evaluated
at the lower side of ceiling on the southern narrow side of the stair hall, above the ceiling
cornice. Figure 2 and Table 1 provide an overview of sensor positions and measured
parameters. Measurements were logged in a time interval of 30 min (time interval suggested
in a similar study [29]). The surface temperatures were logged near the southern archive
stair hall of the head building which are influenced by a thick plaster layer of the ornaments
and interactions with the southern massive transverse wall of the archive stair hall. Due to
the theatre use and conservational reasons, it was not possible to place sensors in the central
field of the paintings. To gain information on the central ceiling, the area of the temperature
sensors and the central ceiling, high-resolution thermography with a time interval of 15
min was recorded between May 30 and April 4. These were used to gain information about
the planar temperature distribution on the ceiling and to parameterise the thermal model.
Thermography allows for an estimation of the transient thermal behaviour of the ceiling
construction by a comparison of the different thermal storage capacities of the ceiling
sectors. A FLIR T640 IR camera system with a 45◦ objective was used. The emissivity of the
outer ceiling layer was estimated with a value of 0.92, and an object distance of 17 m and an
atmospheric temperature of 20 ◦C were considered. The reflected measuring temperature
was set to 22 ◦C and the relative air humidity to 55%.

Table 1. Position and type of sensors.

Position of the Sensor Sensor ID Measuring Device (Sensor)

Exterior temperature T1 Testo 174 T
Archive stair hall attic T2 Testo 174 T

Archive stair hall ground floor T3 Testo 174 T
Stair hall intermediate landing T4 Testo 174 T

Stair hall after staircase T5 Testo 174 T
30 cm below ceiling cornice T6 Almemo 5690

Stair hall attic T7 Almemo 2590
Attic surface mortar T8 Almemo 2590

Attic surface iron clasps T9 Almemo 2590
Surface painting T10 Almemo 5690

Ceiling cornice east corner T11 Almemo 5690
Air humidity attic H1 Testo 174 H

Air humidity stair hall H2 Almemo 5690
IR spot ceiling cornice Sp1 FLIR T640

IR spot iron ribs Sp2 FLIR T640
IR spot field Sp3 FLIR T640

3.2. FE Model

In order to evaluate the implications of potential ceiling insulation, the ceiling of
the splendour stair hall was modelled using the Software Delphin 5.8.1 [30] in a two-
dimensional consideration. A section, crosswise to a steel rib, with a length of 50 cm
including an iron rib, was considered in the model. The FE model was applied first with the
given construction to evaluate its validity by comparing modelled values with measured
values, and second, a potential insulation layer with 20 cm of blow-in insulation was
applied. Cellulose insulation was chosen because due to static reasons and the complex
geometry of the attic (lattice girders as purlins), a light and easy-to-build-in insulation
would have to be used [25]. Material properties were considered as shown in Table 2 and
documented by Bauklimatik Dresden Software GmbH [30] and Sontag et al. [31].
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Table 2. Estimated ceiling construction of the splendour stair hall.

Position of the Sensor Thickness
(cm)

Density
(kg/m3)

Spec. Heat Capacity
(J/kgK)

Thermal Conductivity
(W/mK) µ − Value (−)

Cellulose insulation 20 55 2544 0.048 2
Lime plaster 1 2100 1000 2.1 9

Iron rib 11.5 7800 470 47 200,000
Solid brick 11.5 1600 950 0.78 9
Air layer 1.5 1.3 1050 0.9 1

Lathing/air (mix layer) 2.5 200 1245 0.14 5
Lime plaster 1.5 1500 800 0.4 9

The air temperature and humidity in the attic and the stair hall were imposed on the
model as boundary conditions using the measured values.

The model domain (50 × 38 cm, Figure 3) was discretized using variable discretization
(smaller elements at material boundaries) with a minimum element width of 1 mm, which
resulted in 2709 rectangular elements considered in the model.

Figure 3. Cross section through ceiling construction with position of the sensors.

The surface temperature at the ceiling’s lower side in the field (corresponding to Sp3)
and below an iron rib (corresponding to Sp2) was modelled considering an average of
10 finite elements in line each.

4. Results and Discussion
4.1. Microclimatic Analysis of the Stair Hall

During the measuring time, an average outside temperature in the entrance area of
the southern stair hall (T1, in the shadow) of 17.2 ◦C (SD 5.9 ◦C) was recorded. On March
23, a minimum of 2.7 ◦C and on July 28 a maximum of 37.8 ◦C were measured (Table 3).



Sustainability 2022, 14, 308 7 of 15

Table 3. Descriptive statistics for measured values, time period 18 February and 13 August 2020.

Position of the Sensor Average SD Minimum Maximum

Exterior temperature (T1) ◦C 17.2 5.9 2.7 37.8
Archive staircase attic (T2) ◦C 24.9 6.1 12.0 43.5

Archive staircase ground floor (T3) ◦C 17.9 4.1 9.0 33.2
Stair hall intermediate landing (T4) ◦C 20.7 3.2 13.9 32.4

Stair hall after staircase (T5) ◦C 21.2 3.5 14.2 32.7
30 cm below ceiling cornice (T6) ◦C 21.8 3.8 13.9 30.3

Stair hall attic (T7) ◦C 21.5 6.4 7.9 37.7
Attic surface mortar (T8) ◦C 20.9 5.7 8.7 34.1

Attic surface iron clasps (T9) ◦C 21.0 5.5 9.4 33.3
Surface painting (T10) ◦C 20.8 4.2 11.9 29.6

Ceiling cornice east corner (T11) ◦C 20.8 4.2 12.6 30.10
Air humidity attic (H1) % 48.1 6.7 30.8 74.4

Air humidity stair hall (H2) % 41.0 8.7 22.0 61.0
Vapour pressure stair hall (H1) Pa 1130 440 415 2179

Vapour pressure attic (H2) Pa 1306 525 423 3577
Air moisture content attic (H1) g/m3 9 4 3 26

Air moisture content stair hall (H2) g/m3 8 3 3 16

In the attic of the stair hall (T7), the average temperature was 21.5 ◦C (SD 6.4 ◦C),
4.4 ◦C higher than the outside temperature. Whilst the latter reaches its maximum at 6 pm,
the former has a daily maximum at around 4 pm due to the radiation input over the roof
surface. Both outside and attic temperature is characterized by a sinusoidal 24-h course
(Figures 4 and 5).

Figure 4. Temperature in the stair hall during cold period.

The air temperature during the measuring period at the upper end of the staircase of
the lateral archive stair hall in the head building of the southern splendour stair hall (T2)
accounted for 24.9 ◦C on average (standard deviation (SD) 6.1, minimum 12.0, maximum
43.5 ◦C). The temperature reached its maximum around 1 pm. This is caused by the high
input of radiation energy through the above situated translucent smoke flap and the roof
windows in the adjacent attic. The air temperature at the ground floor of the archive (T3)
stair hall is constantly lower (Figure 4).



Sustainability 2022, 14, 308 8 of 15

Figure 5. Temperature in the stair hall during hot period.

In the stair hall, the air temperature was measured 30 cm below the cornice near
the ceiling (T6) and accounted for 21.8 ◦C on average (SD 3.8, minimum 13.9, maximum
30.3 ◦C). It is characterized by a bimodal course with a temporal maximum reached at
approximately 9 am caused by the eastern radiation input and at 8 pm caused by the
western radiation input through the large windows. This temperature course is reflected
with increasing damping at the ceiling’s lower side (T10) and in the eastern building corner
(Figures 4 and 5). The temperature in the stair hall is 25% of the time higher than 25 ◦C
which is out of the range for artwork conservation recommended by UNI 10829 [32]. The
change of the outdoor temperature and the temperature in the stair hall attic is gradual
during the measuring time, whilst the air temperature distribution inside the stair hall is
bimodal indicating a distinct spring and summer climate [8].

The air temperature on the stair itself, on the intermediate landing (T4) and at the end
of the stair (T5) is very constant. Daily peaks are strongly attenuated, and the temperature
follows the multi-day temperature with an average of 20.7 and 21.2 ◦C, respectively.

Whilst the warm-air heating is out of operation, the vertical temperature gradients in
the stair hall are low. Low gradients prevent air flow resulting in deposition of airborne
particles and wall and ceiling soiling [33].

4.2. Air Humidity

The air moisture content in the stair hall (H2) accounted for 8 g/m3 on average (SD 3,
minimum 3, maximum 16 g/m3) during the measurement time. In the attic above (H1), the
average air moisture content was 8 g/m3 (SD 4, minimum 4, maximum 26 g/m3). Very
low humidity was measured in the midst of March 2020 (relative humidity in the stair hall
as low as 22%) when unusually low exterior temperatures were recorded and the heating
system was on. The air humidity develops parallel with the outside air temperature and
the attic air temperature accordingly (Figures 4 and 5). This fact indicates a high air change
rate in the attic. In contrast, the air moisture is very constant in the stair hall following the
multi-day trend of the indoor temperature.

Humidity variations inside the stair hall would be even stronger with normal vis-
itor numbers (restrictions due to the COVID-19 crisis). From a conservatory point of
view, the short-term humidity variation should be low to avoid material tensions [6].
The standards for proper conservation of oil painting on dry plaster (10 ◦C < T < 24 ◦C;
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50% < RH < 60%) [34,35] were exceeded temperature-wise 28% of the investigated time
period, and the RH fell 80 % of the time below the optimum and did not exceed 60%.
Short-term deviations of plus–minus 5% of the limits are acceptable [35], but in the current
study, RH was constantly lower than 50% from the midst of February until the beginning of
June. The excessive drops of RH due to heating in cold climates are highly problematic for
artworks [36]. The low RH could be avoided by limited use of warm-air heating, a heating
technology that is seen as problematic for all kinds of artwork conservation [36]. The high
temperatures inside the stair hall could be reduced by shadowing systems of the large win-
dows, an optimized ventilation strategy (using the existing air-well system [5]) and ceiling
insulation, which is discussed in this paper. The choice of these measures is in accordance
with a study on the optimization of Buddhist temples in Bangkok recommending similar
cooling strategies [11].

4.3. Water Vapour Diffusion

Water vapour diffusion processes in the ceiling construction of the stair hall are
governed by the surrounding climate (air temperature and humidity) in the stair hall and
the attic and by the ceiling construction. The water vapour pressure in the stair hall at the
start of the measuring campaign was predominantly lower than the one in the attic, which
is a result of the higher air humidity and temperature peaks in the attic (Figure 6). The
same can be observed in summer, although less pronounced (Figure 7). Diffusion processes
occur from the attic to the stair hall. As the diffusion proceeds towards the warm side,
there is now risk of condensation. In the current study, the cold winter months were not
investigated. With low temperatures in the attic and high air moisture humidity in the stair
hall, there would be the risk of condensation in the construction of the ceiling [37]. Such
climatic parameters should be addressed in further research.

Figure 6. Temperature at the ceiling during cold period, including model results.
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Figure 7. Temperatures at the ceiling during hot period, including model results.

4.4. Surface Temperatures at the Ceiling

Focusing on surface temperatures, the one on the plaster surface on the upper side
of the ceiling (T8) on average accounted for 20.9 ◦C (SD 5.7 ◦C) and follows the daily
course of the air temperature in the attic, whereby the peaks are significantly attenuated
(Figures 6 and 7). This results in a 0.6 ◦C lower average and a 0.7 ◦C lower SD. On the iron
clasp standing out of the plaster layer (T9), the average surface temperature is insignificantly
higher (average 21.0 ◦C, SD 5.5 ◦C) than the one on the plaster. Notably, the amplitude of
the surface temperature on the iron clasps compared with the surface temperature of the
field between the ribs is dampened, which is a result of the high thermal conductivity and
specific heat storage capacity of the iron (Figures 6 and 7).

The temperature at the surface of the ceiling painting next to the transverse wall (T10)
accounted for 20.8 ◦C on average (SD 4.2 ◦C) with a minimum of 11.9 and a maximum
of 29.6 ◦C. Especially short-term temperature change is problematic for the conservation
of paint layers due to thermal expansion and contraction. On July 28 (maximum of the
outside temperature at 6 pm 37.6 ◦C), the surface temperature at the measuring point of
the painting accounted for 27.7 ◦C at 6 am, 27.1 at 11 am, 28.3 ◦C and 27.7 ◦C at 6 am on the
following day. The 24-h temperature range accounts for 1.3 ◦C. This range is even more
pronounced around the steel ribs.

Analysing the IR data, good accordance between measured surface temperatures and
temperatures derived from IR thermography could be observed. On average, the surface
temperature gained by IR measurement of measuring point Sp1 deviated by 0.04 ◦C (SD
0.18 ◦C) from the surface temperature measured directly at point Sp1 (Figures 8 and 9).
In areas where the fixation of sensors was not possible, thermography can be used to
estimate surface temperatures. According to Figures 8 and 9, the thermal diffusivity of the
construction alongside the iron ribs is significantly higher than in the field area in between,
as the temperature span is much higher in the area mentioned first.
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Figure 8. Thermography of the soffit on April 2, 9:45 am (see Supplementary Materials).

Figure 9. Thermography of the soffit on April 2, 5:30 pm (see Supplementary Materials).

4.5. Results of the Numeric Model

The model for the temperature at the painting surface at the measuring points Sp2
and Sp3 captures the course of the real measured temperature quite well.

Slight deviations are probably caused by erroneous assumptions regarding the struc-
tures of the ceiling, which is a problem inherent to numeric models in building research [38].
Most likely the deviations occurred in the estimation of the thickness of the plaster layer at
the top (as it is heterogeneous), the design of the lathing and the plaster thickness at the
vault’s underside. The physical properties of the materials were estimated according to
Table 2 when implementing them in the model. The global problem setting seems to be
well described by the model because it reflects the real course of temperatures quite well.
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On average, the model underestimates the real measured surface temperature of the field
(Sp3) by 0.04 (SD = 0.29) ◦C.

In the model, the application of a 20 cm thick cellulose insulation was evaluated. It
would attenuate the temperature amplitude by 2.5 ◦C on hot days (Figure 7) which would
reduce the thermal stress in the painting layers. Over the total measuring campaign, the
daily temperature variations would be significantly reduced by the insulation (Figure 10).
In the current state, on more than 50 days of the investigated 171 days, the daily temperature
span at measuring point Sp2 exceeded 4 ◦C. The maximum span occurs thereby in a time
span of approximately 12 h (Figure 10). In the case of the insulated ceiling, the maximum
temperature span would be below 1 ◦C.

Figure 10. Daily temperature variations in the central ceiling field (measuring point Sp2).

The implications of the ceiling insulation shall be discussed exemplarily for 28 July
(day 160 of the measuring campaign) with an exterior temperature maximum of 37.8 ◦C
and a maximum temperature of 27.0 ◦C in the attic. The four days before July 28 were
characterized by rising exterior temperatures as a lot of heat energy had been stored
in the construction. On July 28, the surface temperature in the centre of the field (Sp3)
accounted for 30.9 ◦C at 9 pm according to the model. Given the case that the ceiling was
insulated with 20 cm cellulose flocs on its upper side, the temperature would be 27.5 ◦C
at the specified position. In the area under the iron ribs, the temperature at the ceiling
would be 32.2 ◦C at 6 pm or 27 ◦C, respectively, when insulated. The maximum value
is reached earlier compared to the field because the thermal diffusivity is higher in this
region. Figure 11 shows that the high temperatures at the upper side of the ceiling do not
diffuse through the ceiling with ceiling insulation. Moreover, the insulation layer lowers the
thermal bridge via the iron ribs, and hence, more homogeneous temperature conditions can
be anticipated at the paint layers. The most important effect of the ceiling insulation is, apart
from a reduction of the ceiling’s U-value (reduction from 1.58 W/(m2K) to 0.19 W/(m2K)
in the field between the ribs), an almost complete elimination of daily amplitudes of the
temperature at the painting layer, which reduces the thermal stress significantly.
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Figure 11. Finite element model of ceiling in the stair hall between July, 28, 12 am and July 29, 12 am
(left column without insulation, right column with 20 cm cellulose insulation, time step 6 h).

5. Conclusions

The measurements carried out on the ceiling paintings in the southern splendour
stair hall of the Burgtheater Vienna demonstrate that the temperature variation on the
painting surface is high. The daily temperature variation was higher than 4 K for more than
50 days during summer 2020. This was especially pronounced below well-heat-conducting
structure elements such as iron ribs. As the average temperature will be rising in Central
Europe, the problem is likely to get worse in the future.

IR thermography proved to be well suited for the investigation of painting surface
temperatures as it displayed very little deviation from contact surface measurements. This
finding is of practical relevance because the erection of scaffolds is costly and sometimes
impossible due to theatre operations.

Timed IR thermography was shown to be a means to visualize hidden structures and
to understand the 2D transient thermal behaviour of a complex construction such as the
clasps construction of the vault in the Burgtheater.
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The FE model could be successfully applied to extend the findings of the IR mea-
surements to a longer period. This seems to be an adequate approach because timed IR
thermography is costly and time consuming in data evaluation. Nonetheless, the applica-
tion of FE models in building research requires real measurements to parameterize and
validate the model.

It was shown by a thermal FE model that an insulation layer on the upper side of
a ceiling reduces the short-term temperature variation at the painting layer significantly.
Moreover, it would reduce the heat energy loss in winter and the heat input from the attic
in summer.

For the splendour hall of the Burgtheater, it was shown that the steam diffusion
processes would be rather unproblematic because, in the investigated time period (February
18 until August 13), the vapour pressure in the attic was predominantly higher than in the
stair hall, meaning that diffusion proceeds from the upper to the lower side, and due to
the relatively high temperatures on the ceilings’ bottom side, no condensation has to be
considered. This might change during very cold periods and if humidity rises in the stair
hall and should therefore be investigated in further research.
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