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Abstract. Historic masonry buildings are an integral part of
human cultural heritage, and they need to be preserved for fu-
ture generations. Brick is susceptible to frost damage which
is common in regions with cold and humid climates. The
frost damage on the masonry walls is accumulated over the
years becoming more and more critical for the integrity of
the historic buildings and it is also affected by climate change
(CO).

In the current research, the focus was placed on a coastal
region in southern Norway with a significant number of his-
toric masonry buildings. The frost damage risk of the ma-
sonry walls was assessed by using data from a climate re-
analysis for the present conditions and from a climate model
under past, present, and future conditions. Two climate-based
(CB) indices accounting for the air temperature and one ma-
terial response-based (MRB) index considering the temper-
ature and moisture content inside a simulated masonry wall
were used for the frost damage risk assessment. The inputs
for the MRB index were calculated by heat, air, and moisture
(HAM) transfer simulations. Within the HAM simulations,
the indoor climate was in one case representative of an un-
conditioned building with air leakages and many openings,
while in the second case it was representative of a small, con-
ditioned room.

The overall impact of CC was a decrease in the frost
damage risk of the masonry walls. However, an increased
frost damage risk was observed from the present to the fu-
ture conditions according to the MRB index for the walls
of small, conditioned rooms with higher driving rain load
and lower solar radiation gains. The (i) number of freeze-
thaw events, (ii) periods during which freeze-thaw events oc-
cur, and (iii) CC-related trends varied based on the consid-
ered index with the most explicit risk assessment being the
MRB one. Moreover, the freeze-thaw events experienced by

the masonry walls of unconditioned, leaky buildings were 20
times more than the ones for the small, conditioned rooms.
Significant differences were observed between the results
from the climate model and the climate reanalysis which
were mainly linked to the underestimation of the air temper-
ature and the overestimation of the precipitation by the cli-
mate model. The outputs of the MRB index were translated
into certain damage categories while suggestions on improv-
ing the limitations of the current research were made.

1 Introduction

Frost shattering or brick breakdown by freezing of water
present in pore spaces and joints has been considered the
prevailing weathering process in cold regions (French, 2017;
Washburn, 1979; Matsuoka, 1990). Frost damage of masonry
is attributed to a number of mechanisms (Mensinga et al.,
2010) with the prime one being the 9 % volumetric expan-
sion that accompanies the phase change of water to ice (Ol-
lier, 1969; French, 2017; Matsuoka, 1990; Lisg et al., 2007).
This theory was also supported by Davidson and Nye (1985)
who found that the ice in a 1 mm-wide slot made in lucite
produced pressures up to 11 bar by volumetric expansion.
Since this value is greater than the tensile strength of some
porous rocks, the volumetric expansion causes frost shatter-
ing.

The city of Tensberg, located on the south coast of Nor-
way, has numerous masonry buildings of historical signifi-
cance. Some examples are depicted in Figs. 1a, 2a, 3a, and
4a. Tgnsberg has a cold season that lasts from November until
April, during which the precipitation and the air relative hu-
midity remain at high levels. In many cases, the wall surfaces
of the historic masonry buildings flake off and crumble away
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Figure 1. The (a) Tonsberg cathedral and (b), (¢) degraded bricks at its southeast-oriented facade.

due to frost damage (Figs. 1b, c, 2b, c, 3b c, 4b, c). Thus, it
is important to investigate, understand, and strategize against
the degradation caused by this deterioration mechanism. The
assessment of past, present, and potential future conditions is
also important.

Existing literature suggests a decreasing trend of the frost
damage risk in southern Norway due to climate change (Sab-
bioni et all., 2010; Kaslegard, 2011; Leissner et al., 2015;
Loli and Bertolin, 2018). However, the severity of the calcu-
lated degradation may vary significantly based on the mod-
elling approach that is used for the frost damage risk assess-
ment (Van Aarle et al., 2015; Sahyoun, et al., 2019; Van-
demeulebroucke et al., 2019, 2021a, b). A well-accepted
method to assess the frost damage risk of masonry build-
ings is by counting the freeze-thaw cycles that their build-
ing materials experience. The freeze-thaw events can be cal-
culated by considering climate-based indices (Viles, 2002;
Grossi et al., 2007; Brimblecombe, 2010; Sabbioni et al.,
2010; Leissner et al., 2015; Loli and Bertolin, 2018) or ma-
terial response-based indices (Sedlbauer and Kunzel, 2000;
Straube and Burnett, 2005; Straube and Schumacher, 2006;
Mantha and Arena, 2012; De Rose et al., 2014; Van Aarle et
al., 2015; Vandemeulebroucke et al., 2019, 2020, 2021a, b;
Zhou et al., 2020; Hao et al., 2020; Sahyoun et al., 2020).

A widely used climate index for the frost damage risk as-
sessment accounts for the number of incidents within which
the air temperature drops below 0°C (Grossi et al., 2007;
Sabbioni et al., 2010). According to this index, it is assumed
that the transition of water to ice occurs when the air tem-
perature drops below 0 °C. In addition, it is assumed that the
ice melts above 0 °C. Thus, by measuring the 0 °C crossings
it is possible to assess the freeze-thaw events experienced by
the material of interest (Grossi et al., 2007; Sabbioni et al.,
2010).

In reality, the water inside the material’s pores does not
freeze sharply below 0 °C but freezes at lower temperatures.
That is mainly because of the soluble salts inside the wa-
ter, and it is also dependent on the pore size of the material
(Grossi et al., 2007; Sabbioni et al., 2010). The frozen wa-
ter does not melt at temperatures sharply higher than 0°C
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but it thaws at slightly higher temperatures. In order to take
into account these phenomena, Grossi et al. (2007), Brim-
blecombe et al. (2010), Sabbioni et al. (2010), Bertolin and
Camuffo (2014), Loli and Bertolin (2018) considered the
—3°C as the freezing point and 1 °C as the thawing point
of water. Moreover, Brimblecombe and Camuffo (2003), Ca-
muffo (2014), and Al-Omari et al. (2014) used the Kelvin
equation to calculate the freezing point depression in the
smaller pores of the material.

A climate-based index was used by Nelson and Out-
calt (1987) as an indicator of the severity of the frost dam-
age on the material of interest. Specifically, they calculated
the number of degree days below 0°C. In the same direc-
tion, Grossi et al. (2007) and Sabbioni et al. (2010) calcu-
lated the degree days below —10°C which they mentioned
as the frost intensity index. Grossi et al. (2007) and Sabbioni
et al. (2010) also determined the cycle-intensity index which
is equal to the frost intensity multiplied by the square root
of the yearly number of freeze-thaw cycles. Moreover, Ca-
muffo (2014), Leissner et al. (2015), Loli and Bertolin (2018)
used the frosting-time index, which takes into account the
time in hours during the year when the air temperature is be-
low 0 °C. Last but not least, Grossi et al. (2007) and Sabbioni
et al. (2010) took into account the wet-frost index, which is
the number of days with precipitation more than 2 mm fol-
lowed immediately by days with mean temperature below
—1°C.

The outputs of the climate-based indices can be used as
an indicator of the frost damage risk of the material of in-
terest. However, there are no certain threshold values above
which the building material is considered to be damaged or
has a certain degree of degradation. Thus, the climate-based
indices can only be used for comparative analysis among data
from different periods, areas, and data sources.

A more computationally demanding process to assess the
frost damage risk of the masonry walls is to use material
response-based indices. According to this approach, certain
climate parameters and material properties serve as inputs in
hygrothermal simulations (Delgado et al., 2010). The tran-
sient hygrothermal conditions, i.e., the temperature, relative
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Figure 2. The (a) Haugar Art Museum and degraded bricks on its masonry fence with (b) southeast and (c) southwest orientation.

humidity, and moisture content of the material serve as in-
puts in the material response-based indices to assess the frost
damage risk of the material of interest. Sedlbauer and Kun-
zel (2000) and Van Aarle et al. (2015) used 0°C as the
critical temperature for both freezing and thawing. Straube
and Schumacher (2006), Mantha and Arena (2012), Ueno
et al. (2013a, b, ¢), De Rose et al. (2014), Van Straaten et
al. (2016) and Sahyoun et al. (2020) took into account the
—5°C as the critical temperature for freezing and 0 °C for
thawing. Zhou et al. (2017), Vandemeulebroucke et al. (2019,
2020, 2021a, b), Zhou et al. (2020) calculated the freezing
temperature at each point in the porous material by using
the Kelvin equation. In this way, the freezing point depres-
sion due to the material’s pore size was taken into account
(Straube and Burnett, 2005).

Moreover, it is clear that the material needs to be wet
enough in order to get degraded after a freezing event. The
material wetness is widely expressed by the degree of sat-
uration (§), which is defined as the ratio of the moisture
content over the moisture content when all accessible pores
are filled with water, i.e., vacuum saturation (Fagerlund,
1977a, b). Fagerlund (1977a, b) showed that below a criti-
cal degree of saturation (Scr;) a porous material can be cy-
cled thousands of times above and below freezing without
any measurable damage. On the contrary, above the Scrit,
damage is measurable after only a few cycles (Fagerlund,
1977a, b; Mensinga et al., 2010; Straube et al., 2012; Ueno
et al., 2013a, b, c; De Rose et al., 2014; Van Straaten et
al., 2016). The lowest value of the S.i; defined experimen-
tally for a brick is 0.25 (Mensinga et al., 2010) and it was
adopted by a lot of studies that included numerical sim-
ulations, such as Zhou et al. (2017), Vandemeulebroucke
et al. (2019, 2020, 2021a, b), Sahyoun et al. (2020), Zhou
et al. (2020). Other studies (Sedlbauer and Kunzel, 2000;
Straube and Schumacher, 2006; Mantha and Arena, 2012;
Ueno et al., 2013a, b, ¢c; WTA, 2014; De Rose et al., 2014;
Van Aarle et al., 2015; Van Straaten et al., 2016; Said et al.,
2020) suggested higher values for the Scyi, ranging from 0.3
to 0.9.

https://doi.org/10.5194/adgeo-58-157-2023

One main benefit of the material response-based indices
that take into account S is that the outputs of the simula-
tions can be combined with the outputs of experiments (Ger-
minario et al., 2022; Salvini et al., 2022) within which the
number of the freeze-thaw cycles is linked to a certain degree
of degradation. Thus, by taking into account the cumulative
freeze-thaw events experienced by the material of interest it
is possible to estimate the point at which a certain degrada-
tion level will be reached.

A slightly different approach from the one that takes into
account the Sc was implemented by Koci et al. (2014,
2017), Sahyoun et al. (2019). Ko¢i et al. (2017) suggested a
portfolio of four material response-based damage functions
to examine the frost damage risk and its severity, given the
hourly temperature and moisture content at a control point
5 mm under the exterior side of the wall. The first index was
the Modified Winter Index (MWI), which determines the cu-
mulative material degradation when the moisture content is
above the prescribed critical level and simultaneously the
temperature drops below its critical value. The MWI is an
indicator of the severity of the frost damage risk. The second
was the Time of Frost (TOF), which accounts for the number
of hours during the year when the conditions in the investi-
gated point of the wall are favourable for ice formation, given
the critical values for temperature and moisture content. The
third was the Amount-of-Frozen-Water (AFW), which is the
sum of the moisture content during freezing conditions. The
AFW serves well for comparative analysis. The fourth was
the Indicative Freeze/Thaw Cycles (IFTC) which is similar
to the MWI with the addition that freezing should be at least
2 h while two consecutive freeze-thaw cycles must be sepa-
rated by at least 2 h of thawing period. The indices were cal-
culated for a critical moisture content equal to the maximum
hygroscopic moisture content of the material and a critical
temperature calculated by the Gibbs-Thomson equation.

In the current research, two climate-based indices, ac-
counting for the outdoor air temperature (Grossi et al., 2007;
Sabbioni et al., 2010), and one material response-based in-
dex, accounting for the temperature and moisture content
of a 5mm layer in the exterior side of a simulated historic
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Figure 3. (a) Mary’s Chapel and (b), (c¢) degraded bricks at its southeast oriented facade.

masonry wall (Sedlbauer and Kunzel, 2000; Vandemeule-
broucke et al., 2019), were utilized. Past, present, and po-
tential future conditions were assessed by using data from
a climate model derived from the EURO-CORDEX project
data archive (Jacob et al., 2014). Data from ERAS (Hersbach
et al., 2020) were used to assess the accuracy of the climate
model results. The frost damage risk according to the mate-
rial response-based index was calculated for eight different
orientations, i.e., the cardinal and the intermediate ones, and
two different indoor climate cases corresponding to a worst-
case and a best-case scenario. According to the worst-case
scenario, the indoor temperature and relative humidity were
considered equal to the outdoor ones, while in the best-case
scenario, the indoor temperature and relative humidity were
calculated according to EN 15026.

2 Materials and Methods
2.1 Outdoor climate data

The current research accounts for climate change by us-
ing data produced with the latest hydrostatic version of
the REgional MOdel REMO, version REMO2015 (Jacob
and Podzun, 1997), driven by the low-resolution version of
the Max Planck-Institute Earth System Model, MPI-ESM-
LR (Giorgetta et al., 2013). The model data were acquired
from the EURO-CORDEX project (Jacob et al., 2014) data
archive. They were synthesized into three 10-year periods,
1960-1969 referred to as past, 2010-2019 referred to as
present and 2060-2069 referred to as future conditions.
The Representative Concentration Pathway (RCP) 8.5 was
taken into account for the present and future conditions. The
RCP 8.5 represents a high-end emission scenario leading to
accelerated global warming during the ongoing century (Ri-
ahi et al., 2011). The climate model data have a spatial reso-
lution of 0.11° and a temporal resolution of 1 h.

In order to assess how much the modelled climate devi-
ates from the actual one, a fourth climate file was prepared
to contain data from the fifth-generation European Centre
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for Medium-Range Weather Forecasts (ECMWF) climate re-
analysis, ERAS (Hersbach, 2020) for the period 2010-2019
(present conditions). Climate reanalyses combine past obser-
vations with models to generate consistent time series of mul-
tiple climate variables. The spatial and temporal resolution of
the ERAS data is 0.25° and 1 h, respectively.

The climate parameters considered in the current research
are the following:

Air temperature (°C);

Air relative humidity (%);

Precipitation (mm);

Wind speed (ms™1);

— Wind direction (°);
— Cloud cover (oktas);

— Atmospheric long-wave counter-radiation incident on a
horizontal surface (W m—2);

— Global short-wave radiation incident on a horizontal
surface (W m~2);

— Diffusive short-wave radiation incident on a horizontal
surface (W m~2);

— Direct short-wave radiation incident on a horizontal sur-
face (Wm™2).

Some of the aforementioned parameters were downloaded
directly from the respective online archive, while others
needed some further processing in order to be calculated. The
exact same data were used and described in detail by Choidis
et al. (2021) in a study of the impact assessment of climate
change on the biological deterioration of two timber historic
buildings in Tensberg.

Moreover, the driving rain and the incident solar radiation
on vertical components facing toward the cardinal and inter-
mediate orientations was calculated by using the hygrother-
mal software Wirme und Feuchte Instationir, WUFI® Pro

https://doi.org/10.5194/adgeo-58-157-2023
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Figure 4. The (a) Tonsberg train station and degraded bricks at its walls with (b, ¢) southeast orientation.

(Kunzel, 1995; Karagiozis et al., 2001). In more detail, the
driving rain was calculated using Eq. (1) (Karagiozis et al.,
2001):

Driving Rain Load = Rain - (R1+R2 - Wind Speed) @))]

Where “Rain” is the normal rain, “Wind Speed” is the com-
ponent which is orthogonal to the building surface, R1 =0
for vertical surfaces and R2=0.07 sm™! for low-rise build-
ings. The values for the coefficients R1 and R2 were deter-
mined by Karagiozis et al. (1997) by implementing advanced
3-D computational fluid dynamics simulations of droplet
flow.

2.2 Climate-based indices for the assessment of frost
damage

Frost damage on bricks is the result of mechanical stresses,
mainly attributed to the volumetric expansion during the
transformation of water into ice in the material pores (Ollier,
1969; French, 2017; Davidson and Nye, 1985; Matsuoka,
1990, 2001). In the current research, two climate-based in-
dices were used to assess the frost damage risk. The first
one is the number of 0°C crossings of the air temperature
(Grossi et al., 2007; Sabbioni et al., 2010). The second one
is the number of freeze-thaw cycles based on the —3 and
1°C threshold values for freezing and thawing, respectively
(Grossi et al., 2007; Sabbioni et al., 2010; Leissner et al.,
2015; Loli and Bertolin, 2018). In both cases, hourly values
of the air temperature were used for all the examined ten-year
periods.

The number of freeze-thaw cycles that occur during the
examined periods can be used as an indicator of the frost
damage risk. There is not a certain number of freeze-thaw
events above which the building material is considered to
be degraded. Thus, only a comparative analysis among data
from different periods and between the data from the cli-
mate model and ERAS is possible. The higher the number
of freeze-thaw events, the greater the frost damage risk.

https://doi.org/10.5194/adgeo-58-157-2023

2.3 Material response-based index for the assessment
of frost damage

A more detailed and computationally demanding process to
assess the frost damage risk of the masonry walls is to use
a material response-based index. In the current study, a com-
mercial heat, air, and moisture (HAM) transport software was
used to calculate the temperature and the moisture content of
the material of interest, given proper climate data and mate-
rial properties as inputs. Proper threshold values for the mate-
rial temperature and moisture content were selected in order
to account for the freeze and thaw events.

2.3.1 Hygrothermal simulations

The software WUFI® Pro (Kunzel, 1995; Karagiozis et al.,
2001) was used to simulate the hygrothermal performance
of the masonry walls. WUFI® Pro is a solver of two cou-
pled heat and moisture transport equations. The software ac-
counts for heat transport via (i) thermal conduction, (ii) en-
thalpy flow through moisture movement with phase change,
(iii) short-wave solar radiation, (iv) night-time long-wave ra-
diation cooling. Moreover, it accounts for vapor transport
through (i) vapor diffusion and ii) solution diffusion. Finally,
the liquid transport mechanisms included in WUFI® Pro are
(1) capillary conduction and (ii) surface diffusion.

The outdoor climate parameters considered within the hy-
grothermal simulations are the ones mentioned in Sect. 2.1.
For the indoor climate two different cases were examined
for each outdoor climate excitation. According to the first
one the indoor air temperature and relative humidity were
considered equal to the outdoor ones. This worst-case sce-
nario could be representative of a wall that is exposed to
the outdoor climate on one side and on the other side, it is
shaded (Choidis et al., 2020). It could also represent an un-
conditioned building with air leakages, and many openings.
In the second case, the indoor climate conditions were com-
puted based on the outdoor air temperature, as prescribed in
EN 15026. The indoor temperature ranged between 20 and
25 °C, whereas the relative humidity was from 30 % to 60 %.
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These conditions are representative of a small, conditioned
room and constitute the best-case scenario of the research
since the indoor air has more capacity to store moisture from
the masonry wall. In Fig. 5 the two different scenarios for the
indoor air temperature and relative humidity are presented
for the climate file derived from the ERAS. A similar ap-
proach was followed for the data derived from the climate
model.

In practice, the indoor climate of historic masonry build-
ings can be in between the selected worst- and best-case
scenarios of the current research. It may vary significantly
based on the building volume, area of windows, wall di-
mensions and layers, moisture buffering performance, and
presence of active climate control (Leissner et al., 2015;
Loli and Bertolin, 2018; Choidis et al., 2020; Califano et
al., 2022). All these parameters were taken into account by
Bertolin and Camuffo (2014), Leissner et al. (2015), Loli and
Bertolin (2018) in order to calculate the indoor climate in
different building categories and further assess their energy
performance and the deterioration of artifacts that are hosted
indoors. In the current research, a more straightforward ap-
proach was followed with focus on a generic cross-section,
a worst-case and a best-case scenario for the indoor climate
and investigation of the hygrothermal performance and frost
damage risk of a critical area at the exterior side of the ma-
sonry wall which according to observations (Figs. 1, 2, 3, 4)
and literature (Straube and Schumacher, 2006; Ueno et al.,
2013a, b, c¢; Van Straaten, 2016; Vandemeulebroucke et al.,
2019, 2020, 2021a, b; Sahyoun, 2020) is at higher risk.

The measured dimensions of the bricks in Figs. 1, 2, 3,
4, were 230 x 105 x 70mm?>. A brick-made wall assembly
of 360 mm thickness was simulated (Table 1). The material
properties of the simulated historic brick were derived from
the WUFI® Pro database and they are presented in Table 1.
It was also considered that the simulated assembly had no
exterior treatment. The exterior 5 mm of the masonry wall
are the ones with the greatest frost damage risk (Straube and
Schumacher, 1991; Ueno et al., 2013a, c; Van Straaten, 2016;
Vandemeulebroucke et al., 2019, 2020, 2021a, b; Sahyoun,
2020) and for computational purposes, relevant to the soft-
ware used in the current research, were simulated as a sep-
arate layer. In addition, a control point was positioned at a
depth of 2.5 mm from the exterior surface in order to monitor
the temperature of the area of interest. The area under inves-
tigation (a) was sufficiently cold to experience freeze-thaw
cycling (near the surface), (b) experienced outdoor precipita-
tion events, but (c) had limited drying to the exterior (unlike
the surface layer), resulting in the highest moisture contents
(Ueno et al., 2013b). The software calculated with an hourly
time step the material temperature and the moisture content
of the layer of interest.
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Table 1. Simulated masonry wall and its material properties, de-
rived from the WUFI® material database.

Wall assembly Material properties
Bulk density [kg/m?] 1800
- Open Porosity [m?*/m?] 0.31
.. Specific heat capacity [J/(kg K)] 850
.- Thermal conductivity [W/(m K)] 0.6
-. Water vapor diffusion resistance factor [-] 15
ﬂ Free saturation moisture content [kg/m?] 230
Maximum moisture content [kg/m?] 310

2.3.2 Critical material temperature and moisture
content for the assessment of frost damage risk

Using the material temperature instead of the air tempera-
ture in order to account for the freeze-thaw events can more
accurately describe the performance of the wall assembly.
In literature, various values have been considered critical for
freezing and thawing events. In the current research, the most
conservative approach was adopted, which considers 0 °C as
the critical temperature for both freezing and thawing (Sedl-
bauer and Kunzel, 2000; Van Aarle et al., 2015). Thus, the
impact on the depression of the freezing point due to the pres-
ence of salts or according to the pore size distribution of the
brick was not taken into account.

Below a critical degree of saturation (Scrit) a porous ma-
terial can be cycled thousands of times above and below
freezing without any measurable damage. On the contrary,
above the S, damage is measurable after only a few cy-
cles (Fagerlund, 1977a, b; Mensinga et al., 2010; Straube et
al., 2012; Ueno et al., 2013a, b, c; De Rose et al., 2014; Van
Straaten et al., 2016). The lowest value of the S defined
experimentally for a brick is 0.25 (Mensinga et al., 2010)
and was adopted by a lot of studies that included numer-
ical simulations, such as Zhou et al. (2017), Vandemeule-
broucke et al. (2019, 2020, 2021a, b), Sahyoun et al. (2020),
Zhou et al. (2020). The same conservative approach, with
Scrit = 0.25, was taken into account as the actual value was
unknown. For the simulated brick, the S.; of 0.25 corre-
sponds to a critical moisture content of 77.5kgm™ and ac-
cording to its moisture storage function to a relative humidity
0f 99.82 %.

The selected critical material temperature and moisture
content were used to assess the freeze-thaw cycles of the ex-
terior 5 mm of the masonry wall. As mentioned above, even
a small number of freeze-thaw cycles can cause significant
degradation of the brick wall. Mensinga et al. (2010), Ueno
et al. (2013a, c) noticed a degradation in the tested speci-
mens after 6 cycles, while in many cases it took around 20
to 30 cycles. Prepens (1991) and Van Aarle et al. (2015) sug-
gested that damage occurs after the brick is exposed to 25-35
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Figure 5. The two different considered cases for the indoor (a) air temperature and (b) relative humidity under the ERAS climate excitation.
The indoor air temperature and relative humidity were in one case equal to the outdoor ones, while in the second case were calculated

according to EN 15026.

Table 2. Risk for mechanical damage of the masonry wall based on
the number of freeze-thaw events.

Number of freeze- Risk for mechanical

thaw events damage

0 No damage

1-5 Damage possible
6-35 Damage likely

> 35 Observable damage

freeze-thaw cycles. Thus, in the current research, the risk cat-
egorization of Table 2 was adopted.

3 Results and discussion
3.1 Outdoor climate

Climate data for three different decades, i.e., 1960-1969 (re-
ferred to as past), 2010-2019 (referred to as present), and
2060-2069 (referred to as future), derived from the MPI-
ES-LR_REMO2015 model were used for the examination
of the climatic changes occurring throughout the years. A
fourth climate file with data derived from the ERAS for the
period 2010-2019 (present) was used in order to examine
the accuracy of the climate model data. The climate parame-
ters that mostly affect the hygrothermal performance and the
frost damage risk of the building components are presented
in Figs. 6 and 7.

The signal of climate change in terms of the air temper-
ature (Fig. 6a) is an average increase of 1.6 °C from past
to present conditions, and 1.2°C from present to potential
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future conditions. In the framework of the current research
special focus was given to the cold months of the year. Ac-
cording to Fig. 6a, there are air temperatures below 0 °C from
October until April. For these months, the air temperature
increases 1.4 °C from the present to the future conditions,
which is slightly higher than the annual average air temper-
ature increase. In addition, according to the future climate
excitation, there are not any air temperatures below 0 °C dur-
ing April. February is the coldest month of the year under all
considered climate excitations and is also the month that is
the most significantly affected by climate change. In Febru-
ary, the air temperature increase is 2.2 °C from past to present
conditions, and 3.1 °C from present to potential future con-
ditions.

The air temperatures are slightly underestimated in the
model data, showing an average difference of 0.3 °C com-
pared to the ERAS. The most significant deviation between
the air temperatures from the climate model and the ERAS
was observed for the month of February. The average air tem-
perature during February according to the climate model is
1.25 °C lower than the respective one from the ERAS.

According to the climate model data, the air relative hu-
midity remains at the same levels under past, present, and
potential future conditions, with an average value of approx-
imately 85 % (Fig. 6b). Within the cold months of the year,
the air relative humidity is higher and has average values
even above 90 % during January, February, and December.
The air relative humidity is overestimated significantly by the
climate model data since, according to the ERAS dataset, its
average value is 78 %. According to the ERAS, the monthly
average relative humidity remains below 86 %.

In some months, the precipitation levels seem to decrease
slightly from past to present conditions and to increase from
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present to future conditions (Fig. 6¢). However, precipitation
levels vary considerably among different years in the region
so, based on 10-year periods, it is hard to consistently de-
tect any trends and the results might be different based on
a continuous data series. Nevertheless, from December to
April, the highest precipitation level is projected for the lat-
est period 2060-2069. This agrees with other climate model
simulations, indicating increasing wintertime precipitation in
southern Norway (Lehtonen et al., 2014; Riisdnen and YlI-
hiisi, 2015). The climate model data significantly overesti-
mate the precipitation, especially during the cold months of
the year.

The driving rain constitutes a major source of moisture for
the brick and, according to the material response-based in-
dex, a source of frost damage risk thereof. Thus, the driv-
ing rain on vertical masonry walls facing toward the car-
dinal and intermediate orientations was calculated and de-
picted in Fig. 7a. The total driving rain load for each ten-year
period was computed and divided by ten to get the annual
average (Fig. 7a). The orientations with the highest driving
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rain load in descending order are the south, southeast, east,
southwest, northeast, north, west, and northwest. The driv-
ing rain load, as well as the impact of climate change on it,
are not significant for the west, northwest, and north orien-
tations, and consequently, the focus was placed on the part
of Fig. 7a that refers to the northeast, east, southeast, south,
and southwest orientations. For the examined five orienta-
tions the driving rain load decreases from the past to the
present conditions and increases from the present to the fu-
ture conditions. The most significant changes are observed
for the southeast, south, and southwest orientations. The dis-
tribution of the driving rain load to the different orientations
based on the climate model data is in accordance with the
results derived from the ERAS. In the case of the south and
southeast orientations, which are the ones with the greatest
exposure to wind-driven rain, the climate model underesti-
mates the driving rain load compared to the ERAS. On the
contrary, the driving rain load is overestimated in the case of
the east orientation compared to the ERAS. For the rest ori-
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entations, minor differences were observed among the data
from the climate model and ERAS.

Another important parameter that affects the material tem-
perature and drying is the incident solar radiation. In Fig. 7b
the solar radiation incident on vertical walls facing toward
the cardinal and intermediate orientations is depicted. The
total incident solar radiation for each ten-year period was cal-
culated and divided by ten to get the annual average (Fig. 7b).
According to the data derived from the climate model, the
orientations with the highest solar radiation load in descend-
ing order are the south, southwest, southeast, west, east,
northwest, northeast, and north. At this point, it is worth
mentioning that in Tgnsberg during the cold months of the
year, the incident solar radiation is significantly lower than
the average values of Fig. 7b. However, it can still contribute
to the increase of the material temperature above the thaw-
ing threshold value during days with air temperatures below
the freezing threshold. The incident solar radiation shows a
slight decrease through the years for all examined orienta-
tions. Moreover, it is underestimated by the climate model
data compared to the ERAS.

3.2 Climate-based indices for the assessment of frost
damage

3.2.1 Freezing at air temperatures below 0 °C and
thawing at air temperatures above 0°C

First, the frost damage risk of the historic masonry walls was
assessed by counting the 0 °C crossings of the air tempera-
tures, given the data from the climate model and the ERAS
(Table 3). In Table 3, only the months that had at least one
0°C crossing were included. Based on the considered cli-
mate index there is a decreasing frost damage risk due to
climate change which is in agreement with the outputs of
Grossi et al. (2007), Sabbioni et al. (2010), Bertolin and Ca-
muffo (2014), Leissner et al. (2015). There is a decrease in
the number of freeze-thaw events from the past to the present
conditions and a more significant decrease from the present
to the future ones.

Observing the results on a monthly basis, there is a signif-
icant increase of the 0 °C crossing within February from the
past to the present conditions, which contradicts the over-
all trend. February was a very cold month according to the
past climate conditions with most of its air temperatures be-
low 0°C (Fig. 6a). The climate change-induced temperature
increase from the past to the present conditions resulted in
more temperatures hovering around 0°C (Fig. 6a). Similar
observations were published by Viles (2002), Brimblecombe
and Camuffo (2003), Pakkala et al. (2014). The same conclu-
sion is also relevant to the month of March (Table 3).

In another direction, it was observed that due to the exist-
ing climate change-from the past to the present conditions-
the number of 0 °C crossings within the month of April was
significantly reduced (Table 3). Moreover, according to the
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future climate excitation, there are not any temperatures be-
low 0°C during April.

The month with the greatest number of 0 °C crossings un-
der past and present conditions was March (Table 3). March
is also the month with the expected greatest reduction of the
0°C crossings from the present to the future conditions and,
thus, the one to be the most significantly affected by the up-
coming climate change.

Reviewing other research results in the same field it was
observed that the average annual number of the 0°C cross-
ings calculated by Grossi et al. (2007) using daily air temper-
ature data was less than 21 for the past (1961-1990) and far
future (2070-2099) conditions, in southern Norway. In the
current research, the average annual number of 0°C cross-
ings was above 22 under all the examined climate excitations
(Table 3). The main reason for the smaller number of 0°C
crossings calculated by Grossi et al. (2007) and Sabbioni et
al. (2010) is the use of daily air temperature data, while in the
current research hourly air temperature data were used. The
different examination periods, climate models, and climate
change scenarios also have an impact on the results. It is also
worth mentioning that the used climate-based index is mainly
focused on comparing the results from different periods and
detecting the signal of climate change. In this direction, re-
search outputs by Grossi et al. (2007), Sabbioni et al. (2010),
Bertolin and Camuffo (2014), Leissner et al. (2015) are in
agreement with the results presented in Table 3.

Finally, as can be seen in Table 3, the climate model un-
derestimates the number of 0 °C crossings compared to the
ERAS. Especially during January, April, and November, the
number of 0 °C crossings according to the climate model was
almost half of the respective ones calculated from the ERAS
data.

3.2.2 Freezing at air temperatures below —3 °C and
thawing at air temperatures above 1°C

The number of freeze-thaw events was calculated for the four
climate excitation of the current research under the assump-
tion that freezing occurs at air temperatures below —3 °C and
thawing at air temperatures above 1 °C (Table 4). October, a
month without any freeze-thaw events, was also included in
Table 4 in order to be consistent with Table 3 for comparison
reasons. According to the considered climate index (Table 4)
the number of computed freeze-thaw events was much less
compared to the 0 °C crossings (Table 3). Moreover, the im-
pact of climate change on the frost damage risk during cer-
tain months of the year showed differences depending on the
considered climate index.

According to the data derived from the climate model,
there is a decreasing trend of the frost damage risk due to
climate change (Table 4), which agrees with the results from
Grossi et al. (2007), Sabbioni et al. (2010), Bertolin and Ca-
muffo (2014), Leissner et al. (2015). The impact of climate
change is more significant from the past to the present con-
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Figure 7. The ten-year average of the total annual (a) driving rain and (b) solar radiation incident on vertical surfaces facing towards the
cardinal and intermediate orientations under the examined climate excitations.

Table 3. Number of freeze-thaw events with freezing occurring at air temperatures below 0 °C and thawing at air temperatures above 0 °C

for each ten-year period.

Jan Feb Mar Apr Oct Nov Dec Total

Climate Model Data  1960-1969 68 51 106 70 7 48 50 400
2010-2019 49 82 120 14 3 23 49 340

2060-2069 50 59 57 0 1 20 36 223

ERAS 2010-2019 91 82 116 30 4 45 57 425

ditions. In contrast to the overall decreasing trend of the frost
damage risk over the years, there is one month, February,
during which the frost damage risk increases due to climate
change (Table 4). That is because during February, under the
past climate conditions, almost half of the air temperatures
were below the freezing threshold, while very few of them
were above the thawing threshold value (Fig. 6a). With the air
temperature increase due to climate change, there are more
air temperatures hovering around the critical freezing and
thawing thresholds under the present and future climate exci-
tations and, thus, higher frost damage risk. This observation
is in accordance with other studies that suggest an increased
frost damage risk over the years in cases of very cold climates
(Viles, 2002; Brimblecombe and Camuffo, 2003; Pakkala et
al., 2014).

Moreover, freeze-thaw events were observed for the
months of March and April under the past climate conditions
(Table 4). Considering the present climate conditions there is
not any freeze-thaw event during April, while under the fu-
ture climate excitation, there is no frost damage risk for both
March and April. This observation is linked to the air temper-
ature increase due to climate change. Finally, the month with
the highest number of freeze-thaw events is, in all examined
cases, January.

The impact assessment of climate change on the frost
damage risk of cultural heritage buildings was also investi-
gated by Bertolin and Camuffo (2014) for the whole of Eu-
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rope based on outdoor air temperature data. Bertolin and Ca-
muffo (2014) accounted for the average conditions over the
past (1961-1990), near future (2021-2050), and far future
(2071-2100) under two different moderate emission scenar-
ios, A1B from IPCC 4th assessment report (IPCC, 2007)
and RCP4.5 from the IPCC 5th assessment report (IPCC,
2014). The number of freeze-thaw events depicted on the risk
maps by Bertolin and Camuffo (2014) is in the same order
of magnitude as the results presented in Table 4. The dif-
ferences in the number of freeze-thaw events calculated by
Bertolin and Camuffo (2014) and Table 4 can be attributed
to the different threshold values for the freezing and thawing
events, periods of examination, climate models, and climate
change scenarios. Moreover, Bertolin and Camuffo (2014),
Loli and Bertolin (2018) implemented hygrothermal simula-
tions to calculate the indoor climate in various generic build-
ings and assessed the frost damage risk based on the indoor
air temperature and the —3 and 1°C threshold values for
the freezing and thawing events, respectively. A decreasing
frost damage risk due to climate change was calculated both
by accounting for the outdoor air temperature (Sabbioni et
al., 2010; Bertolin and Camuffo, 2014; Leissner et al., 2015)
and the indoor air temperature (Bertolin and Camuffo, 2014;
Leissner et al., 2015; Loli and Bertolin, 2018),which is in
agreement with the results presented in Table 4.

The number of freeze-thaw events, calculated on the ba-
sis that freezing occurs at air temperatures below —3 °C and
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thawing at air temperatures above 1 °C, was significantly un-
derestimated by the climate model compared to the ERAS
(Table 4). Overall, the freeze-thaw events computed from the
climate model data were four times less than the respective
ones from the ERAS. The greatest deviation was observed
for the month of March. In addition, according to the climate
model, there were no freeze-thaw events during April, while
based on the ERAS there is a small number of freeze-thaw
events.

3.3 Material response-based index for the assessment
of frost damage

3.3.1 Indoor temperature and relative humidity equal
to the outdoor ones

In the current section, the results of the material response-
based index for the case that the indoor air temperature and
relative humidity are equal to the outdoor ones are presented
and discussed. In Fig. 8 (panel a) the number of events dur-
ing which the material temperature drops below 0 °C, (panel
b) the average moisture content when the material tempera-
ture is below 0°C and (panel c) the number of freeze-thaw
cycles under the four climate excitations of the current re-
search are presented.

In Fig. 8a it can be seen that there is a very high number of
events in which the material temperature drops below 0°C
for all the examined orientations. The number of the 0°C
crossings according to the material temperature (Fig. 8a) is
significantly higher than the one that was calculated based on
the air temperature data (Table 3). This observation is mainly
attributed to the temperature increase of the material during
cold days due to the solar radiation gains. The distribution
of the results among the different orientations (Fig. 8a) fol-
lows the same pattern as the incident solar radiation results
depicted in Fig. 7b. It is then clear that solar radiation sig-
nificantly influences the material temperature close to the
outer surface even in the darker months of the year. It is also
observed that only a small number of the incidents within
which the temperature drops below 0°C are actually frost
damage events according to the material response-based in-
dex (Fig. 8c).

This is attributed to the fact that the moisture content of the
layer of interest remains at lower levels than the critical value
of 77.5kg m~3 most of the time (Fig. 8b). This is happening
either due to a low driving rain load (Fig. 7a), remarkably
observed for the west and northwest-oriented walls (Fig. 8b),
or due to the significant solar radiation gains (Fig. 7b) and
consequent drying, remarkably observed for the southwest
and also south, west and southeast orientations (Fig. 8b). On
the contrary, in the case of the northeast and east-orientated
walls which have significant driving rain loads (Fig. 7a) and
low solar radiation gains (Fig. 7b) the moisture content re-
mains at high levels (Fig. 8b). For these two cases, the devi-
ation between the 0 °C crossings of the material temperature
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(Fig. 8a) and the freeze-thaw cycles (Fig. 8c) is the minimum
observed. Finally, the major role of the driving rain in the
frost damage risk of the masonry walls according to the ma-
terial response-based index is clearly observed in the similar
patterns that the two graphs have (Figs. 7a and 8c).

According to the data derived from the climate model,
the number of events during which the material temperature
drops below 0°C is decreased through the years (Fig. 8a).
This observation is linked to the climate change-induced
temperature increase and affects in a similar way all the ex-
amined orientations.

The average moisture content of the layer of interest dur-
ing periods with material temperatures below 0 °C, decreases
from the past to the present conditions and increases from the
present to the future ones (Fig. 8b). This observation is in ac-
cordance with the changes in the precipitation and driving
rain which were discussed in Sect. 3.1. In Fig. 8b, the de-
crease of the material moisture content from the past to the
present conditions is more significant for the south, south-
east, and southwest orientations. These are the orientation
with the most significant decrease in the driving rain load
from the past to the present conditions. Moreover, in Fig. 8c it
can be seen that the freeze-thaw cycles according to the mate-
rial response-based index are decreasing through the years. It
is again observed that the decrease of the freeze-thaw events
from the past to the present conditions is more significant
in the case of the south, southwest, and southeast-oriented
walls.

The data derived from the climate model underestimate
the 0°C crossing of the material temperature compared to
the ERAS (Fig. 8a). This is mainly attributed to the under-
estimation of the air temperature during the cold months of
the year. Moreover, the observed differences are more in-
tense for the west, southwest, northwest, north, and south-
oriented walls (Fig. 8a). This is linked to the underestimation
of the solar radiation gains by the climate model compared
to the ERAS for the mentioned orientations (Fig. 7b). The
moisture content of the layer of interest is overestimated by
the climate model data compared to the ERAS. This is at-
tributed to the overestimation of the precipitation during the
cold months of the year (Fig. 6¢). In addition, the freeze-thaw
cycles are overestimated significantly by the climate model
data compared to the ERAS5 (Fig. 8c). The differences be-
tween the climate model data and ERAS are greater for the
northeast, east, and north-oriented walls. According to both
climate data sources, the orientation with the greatest frost
damage risk is the southeast (Fig. 8).

The southeast-oriented wall which is the worst-case sce-
nario experienced 187 freeze-thaw cycles during 2010-2019
according to the climate data from ERAS (Figs. 8c and 9).
This number of events corresponds to significant degradation
risk with observable results according to Table 2. The same
categorization is attributed to the northeast, east, south, and
southwest-orientated walls (Fig. 8c). The simulation results
refer to a 360 mm masonry wall with one side exposed to
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Table 4. Number of freeze-thaw events with freezing occurring at air temperatures below —3 °C and thawing at air temperatures above 1 °C

for each ten-year period.

Jan Feb Mar Apr Oct Nov Dec Total

Climate Model Data  1960-1969 17 3 5 7 0 7 10 49
20102019 12 7 4 0 0 1 7 31

2060-2069 11 8 0 0 0 1 7 27

ERAS 2010-2019 28 22 35 6 0 11 21 123

the outdoor climate (including all parameters mentioned in
Sect. 2.1) and the other side exposed to the outdoor air tem-
perature and relative humidity. The simulation results are in
accordance with the on-site observations of a masonry fence
(Fig. 2) in which extended damage was observed.

A more detailed analysis of the orientation with the high-
est frost damage risk is provided in Table 5. January is the
month with the highest frost damage risk under all four cli-
mate excitations. The decreasing trend of the frost damage
risk is more intense from the past to the present conditions
than from the present to the future ones. There is no frost
damage risk during the months of April and October, while
according to the signal of climate change, the frost damage
risk during the month of March will be very small in the fu-
ture. An increase in the frost damage risk for the months of
January and November is predicted for the future which is
mainly attributed to the projected precipitation increase.

3.3.2 Indoor temperature and relative humidity
according to EN 15026

In the following section, the results of the material response-
based index for the case that the indoor air temperature and
relative humidity were calculated according to EN 15026 are
presented and discussed. In Fig. 10 (panel a) the number of
events during which the material temperature drops below
0°C, (panel b) the average moisture content when the mate-
rial temperature is below 0°C and (panel c) the number of
freeze-thaw cycles under the four climate excitations of the
current research are presented.

A very significant number of material temperature drops
below 0 °C was calculated for all the examined orientations
(Fig. 10a).The number of 0 °C crossings in Fig. 10a is signif-
icantly lower than the ones in Fig. 8a for all the orientations.
This is linked to the increased heat transfer from the indoor
environment to the outdoor one which results in significantly
higher temperatures at the control point. The distribution of
the number of 0°C crossings among the different orienta-
tions (Fig. 10a) follows the same pattern as the incident so-
lar radiation results depicted in Fig. 7b. This observation is
mainly attributed to the higher solar radiation gains of certain
orientations (Fig. 7b) which contributes to a more frequent
increase of the control point temperature above 0 °C during
the cold days of the examined periods.
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It is also observed that the average moisture content dur-
ing periods with below 0 °C temperatures (Fig. 10b) and the
freeze-thaw cycles (Fig. 10c) experienced by the layer of in-
terest are significantly lower than the ones in Fig. 8b and c,
respectively. This is attributed to the moisture transport from
the material to the indoor air which based on the consid-
ered conditions has a greater capacity to store moisture. As
can be seen in Fig. 10b and c the new indoor climate con-
ditions, in combination with (i) the low driving rain load at
the north, northwest, and west-oriented walls (Fig. 7a), and
(ii) the high solar radiation gains at the southwest-oriented
walls (Fig. 7b), finally result only to a limited number of
orientations, namely the southeast, south, east, and northeast
have moisture content values above the critical levels and ex-
periencing freeze-thaw events.

According to the data derived from the climate model,
the number of events during which the material temperature
drops below 0 °C decreases through the years (Fig. 10a). This
observation is linked to the climate change-induced temper-
ature increase and affects in a similar way all the examined
orientations. The average moisture content of the layer of in-
terest during periods with material temperatures below 0 °C,
decreases slightly from the past to the present conditions and
increases from the present to the future ones (Fig. 10b). This
observation is in accordance with the changes in the precipi-
tation and driving rain which were discussed in Sect. 3.1. In
Fig. 10b, the increase of the material moisture content from
the present to the future conditions is more significant for
the northeast and east orientations. Moreover, in Fig. 10c it
can be seen that the number of freeze-thaw cycles decreases
from the past to the present conditions, while in some cases it
increases from the present to the future conditions. The ori-
entations which are mostly affected by these changes are the
east, northeast, and southeast.

The data derived from the climate model underestimate
the 0°C crossing of the material temperature compared to
the ERAS (Fig. 10a). This is mainly attributed to the under-
estimation of the air temperature during the cold months of
the year. Moreover, the observed differences are more intense
for the west, southwest, northwest, north, and south-oriented
walls (Fig. 10a). This is linked to the underestimation of the
solar radiation gains by the climate model compared to the
ERAS for the mentioned orientation (Fig. 7b). The moisture
content of the layer of interest is overestimated by the climate
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Figure 8. (a) Number of events during which the temperature at the control point 2.5 mm in depth from the outer side of the simulated wall
drops below 0°C. (b) Average moisture content at the 5mm layer at the outer side of the wall during the periods that the Ocontrol point 18
below 0 °C. (¢) Total number of freeze-thaw cycles according to the material response-based index.
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Figure 9. Hourly data of temperature at the control point 2.5 mm in depth from the outer side of the simulated wall and moisture content at
the 5 mm layer at the outer side of the wall. The critical temperature, 0 °C, is highlighted with a red line, and the critical moisture content,
77.5kg m~3 is highlighted with a blue line. The freeze-thaw events are pointed in black boxes. Within the hygrothermal simulations, the
indoor air temperature and relative humidity were considered equal to the outdoor ones.

model data compared to the ERAS. This is attributed to the
overestimation of the precipitation during the cold months
of the year (Fig. 6¢). In addition, the number of freeze-thaw
cycles is overestimated by the climate model data compared
to the ERAS (Fig. 10c) with the exception of the south ori-
entation for which they are underestimated. The differences
between the climate model data and ERAS are greater for the
east, then southeast, and finally the south-oriented walls. Ac-
cording to the climate model data, the orientation with the
greatest frost damage risk is the southeast while according to
the ERAS is the south (Fig. 10c).

The southeast-oriented wall was selected as in Sect. 3.4.1
in order to be examined in more detail. As can be seen in
Figs. 10c and 11 it experiences 8 freeze-thaw cycles during
2010-2019 according to the climate data from ERAS5, which
is significantly less than the 187 freeze-thaw cycles of Fig. 9.
The calculated number of freeze-thaw events corresponds to
“damage likely” according to Table 2. It is worth mentioning
that the frost damage risk level for all the examined orienta-
tions ranges from “no damage” to “damage likely” (Fig. 10c,
Table 2). The simulation results refer to a 360 mm masonry
wall with one side exposed to the outdoor climate (including
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all parameters mentioned in Sect. 2.1) and the other side ex-
posed to an indoor climate calculated according to EN 15026.
The indoor air temperature ranges from 20 to 25 °C and the
relative humidity from 30 % to 60 %. These conditions can
be representative of a small conditioned room like certain
rooms of the building in Fig. 4. The observed degradation on
the walls of the Tgnsberg train station was mostly observed
in the southeast-oriented walls, while the overall degradation
was much less compared to the masonry fence of Fig. 2b and
c. It is also worth mentioning that the examples of the dam-
aged wall in Fig. 4b and c are not the result of deterioration
during the period 2010-2019 but in reality, is the outcome of
cumulative degradation for many decades.

A month-by-month analysis of the southeast orientation
according the ERAS data is provided in Table 6. January is
the month with the highest frost damage risk under all four
climate excitations. There is a decrease of the frost damage
risk from the past to the present conditions and an increase
from the present to the future ones which is linked with the
respective changes in the driving rain load. There is no frost
damage risk during the months of April, October, November,
and December. Based on the signal of climate change it is
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Table 5. Number of freeze-thaw events of a 5 mm layer at the exterior side of the southeast-oriented masonry wall. Freezing occurs at a
material temperature below 0 °C and a degree of saturation above 0.25. Within the hygrothermal simulations, the indoor air temperature and

relative humidity were considered equal to the outdoor ones.

Jan Feb Mar Apr Oct Nov Dec Total

Climate Model Data  1960-1969 98 66 50 15 3 41 70 343
20102019 67 60 35 1 0 10 53 226

2060-2069 93 50 11 0 0 20 47 221

ERAS 2010-2019 73 33 7 0 0 10 64 187
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Figure 10. (a) Number of events during which the temperature at the control point 2.5 mm in depth from the outer side of the simulated
wall drops below 0°C. (b) Average moisture content at the 5 mm layer at the outer side of the wall during the periods that the Ocontrol point 18
below 0 °C. (¢) Total number of freeze-thaw cycles according to the material response-based index.

possible that in the future February and March will also be
months with no frost damage risk, while an increase in the
number of freeze-thaw cycles during December is also pos-
sible.

4 Conclusions

Brick is a building material vulnerable to frost damage. As a
result of the action of this deterioration mechanism the ma-
terial surface flakes off and crumbles away. The main cause
is the pressure exerted when the water inside the material
pores freezes to ice and increases its volume. Tgnsberg is a
city in southern Norway that has a significant number of his-
toric masonry buildings which are affected by this deteriora-
tion mechanism. The warmer and more humid climate dur-
ing the cold months of the year, which is attributed to climate
change, is expected to affect the action of this deterioration
mechanism.

In the current research, climate data from a climate model
under past, present, and future conditions were used in order
to account for the signal of climate change. An additional cli-
mate file for the present conditions derived from the ERAS
was used to assess the accuracy of the climate model results.
Two climate-based indices and one material response-based
index were used for the assessment of the frost damage risk.
The first climate index accounts for the number of 0 °C cross-
ings of the air temperature. The second considers that freez-
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ing occurs at air temperatures below —3 °C and thawing at air
temperatures above 1 °C. The material response-based index
accounted for (i) the temperature at a control point 2.5 mm in
depth from the exterior side of a simulated masonry wall and
(ii) the moisture content of a 5 mm layer at the outer side of
the same wall. The critical temperature and degree of satura-
tion for a freezing event were 0 °C and 0.25, respectively.

The material temperature and moisture content were cal-
culated by simulating the hygrothermal performance of a
360 mm masonry wall under the four mentioned outdoor cli-
mate excitations. The indoor climate was in one case consid-
ered equal to the outdoor one — worst-case scenario —, while
in the second case it was calculated according to EN 15026
— best-case scenario —.

Significant differences were observed in (i) the number of
freeze-thaw events, (ii) the periods during which freeze-thaw
events occur and (iii) the climate change-related trends for
the different indices.

The overall impact of climate change is a decrease in the
frost damage risk of the masonry walls. The only excep-
tion was the east, northeast, and southeast-oriented walls of
the simulated small, conditioned room — with indoor climate
calculated according to EN 15026 — for which an increased
frost damage risk was predicted from the present to the fu-
ture conditions. At this point, it is worth highlighting that
the degradation by this deterioration mechanism is cumula-
tive and despite the overall decreasing trend of the number of
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Figure 11. Hourly data of temperature at the control point 2.5 mm in depth from the outer side of the wall with southeast orientation and
moisture content at the 5 mm layer at the outer side of the same wall. The critical temperature, 0 °C, is highlighted with a red line, and
the critical moisture content, 77.5 kg m3 is highlighted with a blue line. The freeze-thaw events are pointed in black boxes. Within the
simulations, the indoor air temperature and relative humidity were calculated according to EN 15026.

Table 6. Number of freeze-thaw events of a 5 mm layer at the exterior side of the southeast-oriented masonry wall. Freezing occurs at a
material temperature below 0 °C and a degree of saturation above 0.25. The indoor air temperature and relative humidity were calculated

according to EN 15026.

Jan Feb Mar Apr Oct Nov Dec Total

Climate Model Data  1960-1969 10 5 3 0 0 3 3 24
2010-2019 5 5 2 0 0 1 0 13

20602069 11 1 0 0 0 0 3 15

ERAS 2010-2019 5 2 1 0 0 0 0 8

freeze-thaw events, the actual damage on the masonry walls
increases through the years.

Moreover, a decrease in the number of months with freeze-
thaw events is observed due to climate change. This observa-
tion is linked to the climate change-induced air temperature
increase.

In contrast with the overall trend, there are certain months
of the year for which the frost damage risk increases. Based
on the results of the climate-based indices these are the cold-
est months of the year, like February, which due to the cli-
mate change-induced temperature increase experience more
incidents with air temperatures hovering around the freezing
and thawing thresholds. According to the material response-
based index, an increased frost damage risk was observed
from the present to the future conditions for the months and
orientations with an increased driving rain load due to cli-
mate change. Such an example is January for the southeast-
oriented masonry walls. At this point, it is also worth high-
lighting that, firstly, the driving rain and, secondly, the solar
radiation gains are the parameters that define the orientation
with the maximum frost damage risk. The frost damage risk
of the masonry walls varies significantly among the different
orientations and, as described above, so does the signal of
climate change.

In the case of the material response-based index, the in-
door climate has a very significant role in the frost damage
risk assessment. The freeze-thaw cycles calculated for the
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worst-case scenario were even 20 times more than the ones
for the best-case scenario. This is mainly attributed — accord-
ing to the best-case scenario — to the greater capacity of the
indoor air to store moisture from the material. In this way,
during freezing temperatures, there is not enough moisture
in the material pores to freeze, swell, and cause damage.

In another direction, it was observed that the climate
model underestimates the frost damage risk compared to the
ERAS according to the climate-based indices. This is at-
tributed to the underestimation of the air temperature by the
climate model data compared to the ERAS.

On the other hand, the climate model in most of the ex-
amined cases overestimated the frost damage risk according
to the material response-based index. This is mainly linked
to the overestimation of the precipitation and, consequently,
the driving rain load and material moisture content by the
climate model compared to the ERAS. The only exception
to this observation was the south-oriented wall of a room
with an indoor climate calculated according to EN 15026.
It was, also, observed that the differences in the calculated
frost damage risk between the data from the climate model
and ERAS5 were more significant for the orientations with
high driving rain load and low solar radiation gains.

In addition, of great importance is the fact that the outputs
of the material response-based index were translated into cer-
tain damage categories. This allows the validation of the sim-
ulation results, the prediction of the point at which a critical
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level of damage will be reached, and also makes the results
understandable to a wider audience. Additional experimental
data would help to define the critical values more accurately
for the various risk levels.

Finally, future research could focus on improving certain
limitations of the current study and, specifically, (i) include
data from more climate models and climate change scenar-
io0s and bias correct the data (Gaur et al., 2019; Gaur and La-
casse, 2022), (ii) use climate data until the far future, (iii) col-
lect information about the geometry, materials, climate con-
trol, and moisture loads of case studies, (iv) take into account
the depression of the freezing point due to the pore size of the
material and the presence of salts, (v) leverage experimental
data for the critical number of freeze-thaw events (Germi-
nario et al., 2022; Salvini et al., 2022), (vi) account for more
deterioration mechanism, like salt crystallization. In this way,
it will be possible to investigate and quantify even more ac-
curately the degradation of cultural heritage buildings and,
finally, organize proper strategies to improve their preserva-
tion and resilience.

Data availability. The climate data that support the findings
of this study are derived from the online databases of the
Copernicus climate change service (https://cds.climate.copernicus.
eu/cdsapp#/dataset/reanalysis-era5-single-levels?tab=form, last ac-
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